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ABSTRACT OF THE DISSERTATION
A NOVEL HIP IMPLANT USING 3D WOVEN COMPOSITE MATERIAL – DESIGN
AND ANALYSIS
by
Hari Kishore Adluru
Florida International University 2015
Miami, Florida
Professor Benjamin Boesl, Major Professor
The present research focuses on analyzing the possibility of implementing three
dimensional woven composite (3DWC) materials in hip implants. The integration of
3DWCs in hip implants has the possibility to both extend the life-time and improve
patient outcomes; by spatially varying mechanical properties to meet both biological
needs as well as required mechanical loading. In this study, the bulk material properties
of 3DWCs were varied based on woven composite architecture and determined using
physics based models, which reflect the realistic geometries of fibers in compaction and
preform. The multi-digital chain method combined with Extended Finite Elemental
Analysis (XFEA) are adopted in this micro-analysis for composite design. Four different
woven architectures with a combination of different existing biocompatible fiber and
resins are considered in this study. The main objective is to assess the mechanical
response of these biocompatible materials in the design of 3D woven architectures and
determine their ability to match the required modulus at different regions of a hip
implant. Results obtained show 3DWCs are viable candidates for this application.
Multiple architectures and materials chosen, were able to achieve the desired mechanical
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response. Additional studies can use these results as a starting point and framework for
further mechanical and biological testing.
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A NOVEL HIP IMPLANT USING 3D WOVEN COMPOSITE MATERIAL – DESIGN
AND ANALYSIS

CHAPTER 1-Introduction
Total Hip Replacement (THR) surgery has become one of the most common orthopedic
procedures due to several medical conditions, such as arthritis, fracture or dislocation due
to trauma on the hip joint. After Total Knee Replacement (TKR) surgery, THRs are the
most common joint replacement surgeries with more than 150,000 performed a year in
the USA alone [1].

Figure 1 Total hip replacement with a metal prosthesis

Hip implants work as a ball and socket joint shown in Figure 1 and can be made of
metal and plastic, metal on metal, ceramic on ceramic and metal with highly cross linked
polyethylene. Metal on metal hip implants are still predominantly used due to their very
low wear rate and longer life. The clinical success rate of metal hip implants is 93% in 10
years and 85% in 15 years post-surgery [2]. The drawbacks of the metallic hip implants
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include release of metal ions into the bloodstream, which increases the risk of cancer and
other diseases.
One of the major concerns in hip implant failure is stress shielding. Clinical studies
and literature from the past two decades suggested that there is mismatch of stiffness
between the implant and the femur bone resorption, which causes bone softening [3-5], as
shown in Figure 2. This contributes to the long-term implant failure called stress
shielding. Previous studies [6] using unidirectional composite materials have shown the
potential to eliminate the stress shielding effect, but the drawbacks include lack of
required modulus and strength in critical regions. In addition, transverse properties were
observed to be low and de-lamination and micro cracking initiation started at relatively
low loading values. The failure of metal hip implants due to stress shielding and the
drawback of de-lamination in unidirectional composite material implants, indicated the
need and scope for improvement in the design of hip implants.

Figure 2 Schematic of Stress Shielding [7]
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3DWC structures offer several advantages, which include tailored and functionally
graded mechanical properties. These functionally graded properties are achieved by
systematically changing the fiber to matrix volume ratios, using different weave patterns
– orthogonal woven, ply-to-ply interlocking and angle interlocking. These parameters
help a designer to vary modulus and strength properties of the implant to the desired
value at distal and proximal end of the hip joint. Literature indicates that extensive
experimental and computational work is performed to determine the mechanical
properties of fiber reinforced woven composites [8]. Micro-mechanics of 3DWCs have
been studied for the past two decades. Since micro-mechanics is highly challenging and
includes the need for high computational power, some researchers have developed the
digital chain and multi-digital chain element approach to represent yarn of fibers [9].
Several researchers have adopted these techniques to determine the properties of different
architectures in 3DWCs. Some computational results were verified with experimental
results using these multi-digital chain approach’s [10-13]. Finite elemental analysis
(FEA)-based studies and analysis are widely used and accepted in the biomedical field,
including simulations of hip joints. These studies drastically reduce the number of
experiments on the human and animal subjects.
1.1

Motivation

Hip implants are made of several materials and each one has its own benefits and
limitations. In recent years, doctors saw an increase in revision surgeries of THRs due to
their high failure rates. Medical experts believe these revised surgeries are more tedious
to perform, recovery time is more for the patient, success rate is low and it also has
financial burden on medical facilities. After reviewing the major reasons for failure of the
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hip implant, it motivated us to design and analyze a novel composite material for hip
implants.
1.2

Objective of the research

The main objective of the present research is to determine the bulk material properties of
3DWCs for use in biomedical applications, especially in the design of hip implants.
Finite element-based micro-analysis is performed on different architectures of the
3DWCs. Micro-analysis is executed to determine the bulk material properties of several
3D architectures, choosing four suitable architectures. Once proven feasible, these
material properties are considered in the macro-analysis of the hip joint to determine the
stress distribution on the hip implant considering normal loading conditions based on the
gait cycle.
1.3

Hypothesis

Question # 1: What is the influence of woven composite architecture and constituents on
bulk material properties?
Hypothesis 1: Systematically changing the architecture and constituent properties, the
overall bulk material properties of 3DWCs can be tailored to meet desired specifications.
Adaption of a special technique called multi-chain digital element (in VTMS) to
represent yarn of fibers in a 3DWC will result in accurate prediction of the bulk material
properties of the composite within an acceptable margin of error.
Question # 2: Will the proposed redesign reduce failures of hip implants caused due to
stress shielding?
Hypothesis 2: When the redesigned hip implant is subjected to mechanical loading, the
proposed designs will significantly transfer the loading to the bone, thus avoiding the
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stress shielding caused by bone softening. The modulus of the 3DWC material at the
stem (region) is to match the properties of the bone and is to be higher at the neck region.
Targeted material specification at the distal end should be between 40 to 95 GPa in
loading direction and 15 to 30 GPa in non-loading direction [14].
Question # 3: Will the proposed functionally graded composite material in the stem of
hip implant cause changes in stress distribution?
Hypothesis 3: Determine the baseline stress distribution in the hip implant using regular
materials and then compare the same with functionally graded material properties in the
stem of hip implant. If stress is distributed over the length of the stem instead of
concentrating on the neck, it can be concluded that this will minimize stress shielding.

1.4

Overall outline

Chapter 1 provides comprehensive review of the present research work, followed by
stating the objectives of the present work. Finally, the hypothesis is presented.
Chapter 2 introduces the basic anatomy of hip joints and discusses the need and reasons
for THR. A brief history of the hip implants used in the past and present is given and
finally the materials used for hip implants are discussed. The benefits and limitations of
each of those are presented.
Chapter 3 presents the various analytical formulations available for design of composites,
limitations and other approaches in designing composites. The methods used to determine
the bulk material properties of 3D Woven composites is also presented in this chapter.
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In Chapter 4, validation of micro-mechanics models, XFEA method, its advantages,
micro-analysis of 3D woven architectures, and brief discussion of the results obtained
from the micro analysis of the 3DWCs is presented.
Chapter 5 deals with finite element analysis of hip implant making use of the results
obtained from micro-analysis. Development of solid hip implant model, meshing,
materials and boundary conditions considered are discussed.
In Chapter 6, the results from both analysis are discussed in detail. Summary of the
results is discussed and conclusions are made of the present work. This is followed by the
recommendations for future research.
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CHAPTER 2- Total hip replacement
Several medical conditions, such as osteoarthritis, rheumatoid arthritis, avascular
necrosis, fracture or dislocation due to trauma to the hip joint, lead to chronic hip pain
and disability, which require THR. Arthritis is one of the major causes requiring hip
replacement surgery. Arthritis affects more than 40 million Americans, more than 10
million in the United Kingdom and tens of millions worldwide. Metallic hip implants,
more specifically Ti based alloys are still predominantly used for the stem of hip implant.
The clinical success rates for metal hip implants are 93% for 10 years and 85% for 15
years post-surgery [2]. A brief description of the background for hip implants is given
next.
THR dramatically improves the quality of life of patients suffering from
debilitating hip disorders. This procedure can bring almost immediate relief to the
unremitting pain, due to which the functional capacity of the lower limb has been greatly
decreased. Especially to those patients with an end-stage degenerative joint disease, THR
is often the final attempt that the surgeons resort to in terms of pain relief and increasing
mobility [15].
Before discussing details of hip replacements and hip implants, it is good to know
the anatomy of a hip joint along with the forces acting on the joint due to human motion.
This section gives a brief description of a hip joint. The causes of hip malfunctioning are
detailed and the remedies considered are discussed. History of the materials used in hip
implants and hip replacement techniques are also explained.
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2.1

Anatomy of a hip joint

A better understanding of the hip joint and the conditions, which cause its
malfunctioning are needed before designing a hip implant. In this section, the anatomy of
a hip joint is discussed. The hip joint shown in Figure 3 is a synovial joint that connects
the lower limb to the trunk of the human body. It consists of a synovial ball (femoral
head) and a wide range of moments [16]. The hip joint serves a very important
biomechanical function in the human body. While supporting the majority of the human
body (~70% of the total body weight), the joint simultaneously provides stability,
especially during the movement of the trunk on the femur, during walking and running.
The stability of a hip joint is determined by the shape of the articular surface, the strength
of the joint capsule, ligaments and the muscles.

Figure 3 Hip joint and osteoarthritis at the hip

The contact area between the femoral head and the acetabulum is limited at low
loading conditions. The contact area increases with increasing loads, thus distributing the
load over greater area and as a result, reducing excessive stress in the underlying
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cartilage. The contact stresses are higher at the superior surfaces of the femoral head and
acetabulum compared to other parts of the articulating surface. This difference in stress
distribution is due to the orientation of the femur relative to the pelvis. Therefore, the
articular cartilage is thicker in the superior region than elsewhere.
The angle between the femoral neck and the shaft is called the angle of inclination in
the frontal plane and the angle of ante-version in the horizontal plane. The angle of
inclination of the femoral head in an average adult is around 125o and the angle of
ante-version is around 10o. These angles play an important role in the stability of the hip
joint [16].
2.2

Structure of bone

Bone is composed of collagen, water, a mineral called hydroxyapatite (HA),
proteoglycans and non-collagenous protein [17]. Collagen, a structural protein, gives
bone flexibility and tensile strength, while also providing loci for nucleation of bone
mineral crystals. Up to 50% of bone weight is comprised of the bone mineral
hydroxyapatite Ca 10 (PO 4 ) 6 (OH) 2 – imparting bone with rigidity and compressive
strength [18]. The specific role of proteoglycans and non-collagenous protein is not
entirely clear and may function to control the location or rate of mineralization in bone.
The water content in bone is approximately 60% by volume and is present, both as free
water or bonded with other molecules. While in principle the porosity of bone can vary
continuously from 0 to 100%, in fact most bone tissues are of either very low or very
high porosity, with little bone of intermediate porosity.
These two types of bone, shown in Figure 4, correspond to the cortical bone and
cancellous bone, respectively [19-21].
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Figure 4 Cortical & Cancellous Bone [19-21]

Cortical bone, as its name implies, forms the cortex or outer most shell, of most bones.
Compared to cancellous bone, cortical bone is much denser, with a typical porosity of 5
to 10%. Cortical bone, which is also known as a compact bone, is much harder, stiffer
and stronger than cancellous bone [17] [21] [22]. The thickness of cortical bone in the
pelvis ranges from 0.5 mm to 3 mm, whereas in the femur bone, the thickness ranges
from 0.5 mm to over 10 mm in the shaft.
Cancellous bone, synonymous with trabecular or spongy bone, is porous bone found
in the ends of long bones, proximal to the joints. The porosity of cancellous bone is
between 75% and 95%. Cancellous bone is highly vascular and is composed of struts
called trabeculae, each approximately 200 (µm) in thickness, as shown in Figure 4. At
times the trabeculae appear to be organized to orthogonal arrays; often they are more
randomly arranged. In contrast to cortical bone, cancellous bone is much more flexible,
softer and less dense [17] [21] [22].

10

Figure 5 Femur Bone Design and Stress [23]
In addition to knowing the anatomy of the bone, the main feature required for
modeling a hip implant is knowledge of various forces acting on the hip joint. These
forces lead to its proper functioning and reliability. This aspect is explained in the
following section.
2.3

Hip joint forces and range of motion

Human motion results in different types of forces acting on the hip joint. The forces on
the hip joint are estimated to range from 1.5 times to 5 times the weight of the human
body during normal gait cycle. The hip joint forces are maximal at the heel strike and toe
off and minimal during the swing phase [24]. The hip joint allows movement in three
planes. The largest range of motion of 165o (20 o extension and 145o flexion) in the hip
joint occurs in the sagittal plane. The range of motion is around 65o in the frontal plane
and the medial and lateral rotations are of range 70o and 90o, respectively, in the
transverse plane. A more systematic representation of the forces acting on the hip joint
due to the motion of the leg, also called the gait cycle, is described below.
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2.3.1

Gait cycle

The gait cycle can be divided into eight events, five during the stance phase and three
during the swing phase. The names of these events are self-descriptive and are based on
the movement of the foot, as shown in Figure 6.

Figure 6 The Gait Cycle [25]

In the traditional nomenclature, the stance phase events are as follows [25] [26].
Heel Strike initiates the gait cycle and represents the point at which the body’s center of
gravity is at its lowest position;
Foot – flat takes place when the sole of the foot touches the ground;

12

Mid-stance occurs when the swinging foot passes the stance foot and the body’s center
of gravity is at its highest position;
Heel off occurs as the heel loses contact with the ground;
Toe-off terminates the stance phase as the foot leaves the ground.
The swing phase events are as follows:
Acceleration begins as soon as the foot leaves the ground and the subject activates the
hip flexor muscles to accelerate the leg forward;
Mid-swing occurs when the foot passes directly beneath the body, coincidental with midstance for the other foot;
Deceleration describes the action of the muscles as they slow the leg and stabilize the
foot in preparation for the next heel strike.
2.4

Disorders of the hip joint

Over time the forces acting on the hip joint due to gait cycle and some other traumatic
events cause the hip joint to malfunction and lead to disability and severe pain. A
description of three main types of hip joint disorders is given in this section.
2.4.1 Osteoarthritis (OA)
Osteoarthritis occurs when the protective cartilage, especially in weight bearing joints,
such as hips, knees, spine, etc., wears down over time. The breakdown of cartilage tissue
is dependent upon loss of the amorphous portion of the matrix and the collagen
framework, which results in erosion or lesions, leading to degeneration of articular
cartilage lining. The breakdown of this tissue leads to bones rubbing against each other
causing, severe pain [27]. This disorder mainly effects older people and can range from
mild to severe conditions. It is not only age-related but can also occur due to high levels
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of stresses in the joint due to extensive sport activities. There is also a high correlation
with obesity. Table 1 shows the prevalence of radiographic osteoarthritis in the hip joints
of both sexes in different age groups.
Table 1 Prevalence of radiographic osteoarthritis in the hip [28]
Age

Sex

Prevalence

<55

Men
Women
Men
Women

1%
1%
3%
2%

Men
Women

6%
4%

55-65
>65

2.4.2: Rheumatoid Arthritis
Rheumatoid arthritis is a systemic inflammatory disorder that often progresses to
cause destruction of the articular cartilage. The initial cause of this disease is not well
known, however immunity plays a vital role in its progression and chronicity. It usually
initiates as inflammation in the synovium, causing thickening of the membrane and
proliferation of the synovial fluid and the connective tissue. This will lead to the loss of
stability, thinning of the articular cartilage and destruction of the joint [27] [29].
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Figure 7 Normal and Arthritis Joints [30]

2.4.3: Avascular necrosis
Avascular necrosis, also known as osteonecrosis, is a disease caused by the death of
bone tissue due to lack of blood supply. Over a period of time, as the disease progresses,
this leads to tiny breaks in the bone and the bones eventually collapse. Alcoholism,
excessive use of steroids and post trauma (fracture or dislocation) are the most common
causes of this disease and affect individuals of 30 to 70 years old. Also, it affects the male
population more than the female population [31].
Osteoarthritis is the primary indication for 94% of total hip arthroplasties [32].
Approximately 30% of adults greater than age 65 in the USA have radiographic evidence
of hip OA ( Kellgren & Lawrence grade 2, 3 or 4), while the prevalence of symptomatic,
radiographically documented hip OA is almost 45 in this age group [33] [34]. AfricanAmericans appear to have a similar or even slightly higher prevalence of hip OA than
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whites [34]. Age, genetic predisposition in certain families, congenital or developmental
hip disorders, obesity, occupational exposure to heavy weight bearing activities (e.g.,
farming) and jobs with bending and squatting are established risk factors for the
development of hip OA [35-39]. The direct medical cost attributable to OA in the USA
exceeds $15 billion per year [40] [41]. In addition, persons with OA are two to four times
more likely than those without OA to retire early, to report reduction in work hours or to
be unable to find work due to illness [42].
2.4.4: Non-operative management of OA and need for THR
The management of hip OA includes non-pharmacologic approaches, such as patient
education and self-help programs, social support, weight loss (if patient is obese),
assistive devices and exercises aimed at stretching, quadriceps strengthening and aerobic
fitness. Multiple pharmacologic therapies can be used including acetaminophen, topical
analgesics, non-steroidal anti-inflammatory drugs (NSAIDs), COX-2 inhibitors, opioid
analgesics and injections of corticosteroids or hyaluronic acid.
These measures may reduce pain and improve functional status but do not slow the
progression of cartilage loss and joint damage. Hence, many patients with hip OA
ultimately must decide whether to elect surgical management. The safety of NSAIDs and
COX-2 inhibitors are under intense scrutiny, which may increase demand for surgery.
The primary surgical option for advanced hip OA is THR. In one study, 36% of patients
with established, symptomatic hip OA elected THR over five years of follow up [43].
2.5

Introduction to Hip implants

The anatomy of the hip joint and the forces acting on it dictate the modeling and
design of hip implants. There are two main parts to a THR implant. The femoral
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component fits into the top of the femur and replaces the ball of the ball-and-socket joint.
The acetabular cup sits in the pelvis and replaces the socket. The diaphragm and
micrographs of THR are shown in Figure 8.

Figure 8 Diaphragm and radiograph of a hip replacement [44]

The femoral component is fitted by inserting it into the shaft of the femur, which is
prepared by hollowing out a section to fit the stem of the implant. The femoral stem
essentially replaces bone in the femur and has a structural role that requires it to match, as
closely as possible, the strength and toughness of the natural bone. Also, the shape and
the coefficient of friction of the surface of the femoral head components are significant to
have an exact fit with the replacement socket. The acetabular cup sits in the hip socket
and replaces the worn cartilage. Therefore, this part must itself have a low wear rate and
also minimize wear of the femoral head.
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The requirements for the femoral head component are that it must have a very
particular shape, which fits exactly within the replacement socket, and the surface should
have a low coefficient of friction. The acetabular cup component sits in the hip socket
and replaces the worn cartilage. Therefore, this part must itself have a low wear rate and
must also minimize wear of the femoral head component.
Several materials have been considered for implants, including ceramics, polymers
and metals. Each material has its own pros and cons. For e.g., although 70% of the bone
weight can be replaced by ceramic, HA ceramics are not suitable for femoral stem
replacements, as they are very brittle. Similarly, polymers are prone to suffer from creep
and early fatigue failure. Metallic alloys are the most commonly used materials in the hip
implants, but their stiffness is higher than that of the bone, which results in softening of
bone and this phenomenon is called stress shielding. The causes and effects of stress
shielding are explained in detail in the next section.
2.6

Stress Shielding

If the implant is much stiffer than the bone, then the implant will bear more of the
load. Because the bone is shielded from much of the stress being applied to the femur, the
body will respond to this by increasing osteoclast activity, causing bone resorption.
Metals are generally used because they typically have a high Young’s Modulus, are tough
and ductile, meaning they yield before breaking, and have good fatigue resistance. They
do, however, tend to be much stiffer than the bone, which lead to stress shielding [45].
2.7

History of total hip replacement

In 1938, Philip Wiles (London) developed the first total hip implant and performed
THR, which consisted of a stainless steel cup and head. The cup was fixated using screws
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and the head was fixated using a stem; which was further fixed to the neck of the femur
bone by a bolt. Clinical results of this development were not known due to the
intervention of World War II. Years later, metal-on-metal combinations were introduced
by Mckee, Farrar and Ring (UK) and Haboush, Urist and Mcbride (USA).The results
from such implants were not satisfactory due to loosening and high wear of the
components as a result of increased frictional torque [46]. These MOM prostheses were
manufactured to give a matching femoral head and acetabular cup with no clearance
(small space between the head and the cup). It was shown that introducing a small
clearance between the two components could reduce friction by creating a polar bearing
[46].
It was not until 1958 when Sir John Charnley implanted the first metal-on-polymer
THR. The first polymer Charnley chose was PTFE articulating against a stainless steel
head, which only survived two years due to the rapid wear of PTFE. In 1961, he adopted
ultra-high molecular weight polyethylene (UHMWPE), which provided a low interfacial
friction against a metal head. This prosthesis was called “Low Friction Arthroplasty.”
Clinical results have encouraged the use of Charnley prosthesis. His concept is still being
used to date in less active elderly patients [47].
Metal-on-metal bearings gained potential in the late 1980s after the long-term
survivorship and low wear of such prosthesis. It was thought that the improved tolerances
and better finishes can be achieved with better manufacturing technologies. This would
improve the outcome of metal-on-metal prosthesis.
In the early 1970s, Boutin from France, developed first ceramic-on-ceramic (COC)
total hip replacements [48]. Ceramics are highly inert materials and are widely used in
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Europe due to the good surface finish and excellent resistance to wear in vivo [49].
Although COC has shown enhanced wear performance, there are still concerns about the
incidental fracture of the ceramic material [50]. The further developments of COC
prostheses will be discussed in subsequent sections.
A newly developed bearing in the THR is the ceramic-on-metal (COM) combination.
COM consists of a ceramic head that articulates against Cobalt Chrome (CoCrMo) lines.
This bearing offers enhanced wear performance, which has been proven successful in an
in-vitro hip simulator study [51]. The smoothness of the ceramic head helps reduce
abrasive wear on the metallic liner. It provided reduced risk of liner fracture, which was
noticed in COC bearings and also reduced levels of ion concentration compared to MOM
bearings [52].
2.8

Fixation techniques of hip implant

The process of fixing the hip implant in the human body, involves the femoral stem
component be inserted into the femur bone, which is prepared by drilling, to fit the
component. This is traditionally bound to the bone with polymer bone cement called
poly-methyl methacrylate (PMMA). In addition to fixing the implant in place, the cement
helps with even distribution of load between the implant and bone. The drawback with
this method is however, during the curing process (hardening through cross-linking of
polymer chains). During curing, a large amount of heat is released that can cause necrosis
(cell death) in the bone around the implant and may also lengthen recovery time [45].
An alternative fixation method is to introduce a porous surface layer to the implant,
which encourages bonding by allowing the bone to grow into the pores. The bone and
implant therefore become integrated, meaning that the implant is less prone to loosening.
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A further modification is to coat the implant with a layer of HA. Since its chemical
composition is similar to that of bone mineral, the coating enhances bone growth. Many
surgeons now favor these un-cemented implants, as they give a quicker recovery time,
with many patients able to put weight on their hip the day after surgery.
Coating with HA does raise some concerns. The coating is done at an elevated
temperature. As the implant cools, due to different rate of thermal expansion, it generates
thermal stress and causes cracking of the surface on the implant. In an attempt to match
the thermal expansion coefficients (and to avoid cracking), manganese was also
considered as an additive.
2.9

Material history of hip implants

The components of hip implants are made from different materials, and choosing
materials with appropriate properties is the key part of their success. The choice of
materials depends on several factors, which include age of the patient, level of physical
activity and the surgeon's preference. In the past four decades, surgeons were using metal
and plastic, MOM, COC and metal with highly cross linked polyethylene. The most
common materials used are titanium, stainless steel and cobalt chrome alloys. These three
types of alloys were considered by surgeons for several decades. Each material has its
own advantages and limitations. The highly cross linked polyethylene implants are newly
developed and so limited information is available on their performance in terms of their
wear rate.
MOM implants gained popularity due to their very low wear rate and are considered to
last longer. Concerns were raised, as metal ions are released into blood, leading to
increased risk of toxicity, cancer and similar diseases. Later, COC implants were
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considered due to lower wear rate than MOM implants and are also scratch resistant and
smoother. However, there were concerns for this type of implant as well, as ceramics
tend to break or crack easily under shock load.
2.9.1

Metal Implants

Metals are the most commonly used hip implant materials due to high Young’s
Modulus, toughness, ductility and high resistance to fatigue. Among the metallic
implants, Ti6Al4V and CoCr alloys are most widely used for hip and knee implants.
Rather than using commercial purity titanium alloy, the alloy Ti6Al4V (Titanium with
6% Aluminum and 4% Vanadium by weight) is often used, as it gives increased
toughness and improves fatigue resistance. Stainless steel has also been used in some
cases. Co-Cr-Mo alloy was introduced as an alternative, since it has better wear
properties than stainless steel. However, it is harder, meaning it is much more difficult to
machine.
A major downside of metal hip implants is that they tend to be much stiffer than bone.
Clinical studies and literature from the past two decades suggested that there is a
mismatch of stiffness between the implant and femur bone, increasing osteoclast activity,
causing bone resorption [3-5]. This contributes to implant failure due to bone softening,
referred to as the stress shielding effect.
2.9.2

Composite Implants

Another alternative to metallic and ceramic implants is composite material based hip
implants. Previous studies using unidirectional composite materials have shown the
potential to eliminate the stress shielding effect, but they lacked the modulus and strength
in critical locations to solve this issue [6]. In addition, transverse properties are low and
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de-lamination and micro cracking initiate at relatively low loading values. Prostheses
made from polymer composites have the potential to meet spatially varying mechanical
requirements, such as strength and stiffness [53]. However, while a more compliant hip
implant reduces stress shielding, it must maintain a minimum level of stiffness not to
cause residual pain due to low-amplitude oscillatory micro-motion [54].
Although there are several options available for THR implants, each one has its own
merits and demerits. To overcome the major issues of stress shielding and metal ion
leaching in currently used hip implants, 3D Woven Composite materials are being
investigated as an effective alternative in the present work. The detailed description,
design and analysis of 3DWCs is explained in the following chapters.
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CHAPTER 3- 3D Woven Composites
3.1

Introduction on composite material design

Several theoretical formulations have been developed for composite material design.
To determine the various properties of composite materials theoretical models like Rule
of Mixtures (ROM), Inverse ROM, and ROM with efficiency factor, Hart Smith’s 10%
rule and classical laminate analysis exist. ROM can be used to predict the Young’s
Modulus, density, Poisson’s ratio and strength (UTS) of the material.

Figure 9 Ideal Unidirectional RVE

Most theoretical formulations are based on the fiber volume fraction of the composite.
Composite manufacturers usually provide the fiber weight fraction. Hence, the fiber
weight fraction is converted to the required fiber volume fraction using the following
formula:
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ROM assumes that fibers are unidirectional and the Young’s Modulus is predicted in
fiber direction using the following formula:
𝐸𝐸𝑐𝑐= 𝐸𝐸𝑓𝑓 𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚 𝑉𝑉𝑚𝑚

Eq 2

ROM with efficiency factor or Krenchel factor is used to predict the effect of fiber
orientation on stiffness. The reinforcing efficiency factor (composite efficiency factor) is
given by the formula:
𝜂𝜂𝜃𝜃 = ∑ 𝑎𝑎𝑛𝑛 𝐶𝐶𝐶𝐶𝐶𝐶 4 𝜃𝜃

Eq 3

where 𝑎𝑎𝑛𝑛 is proportional to the total fiber content and 𝜃𝜃 is the angle of fibers.
Hence,

𝐸𝐸𝑐𝑐= 𝜂𝜂𝜃𝜃 𝐸𝐸𝑓𝑓 𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚 𝑉𝑉𝑚𝑚

Eq 4

Figure 10 Efficiency Krenchel Factor Diagram
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In 1993, Heart Smith developed an empirical formula to consider ply orientation. Each
of the 45° for 90° ply is considered to contribute to one tenth of the strength or stiffness
of a 0° ply to the overall performance of the laminate.
𝐸𝐸𝑥𝑥 = 𝐸𝐸11 (0.1 + 0.9 ∗ (% 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎 0°)

Eq 5

𝜎𝜎𝑥𝑥 = 𝜎𝜎11 (0.1 + 0.9 ∗ (% 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎 0°)

𝐺𝐺𝑥𝑥𝑥𝑥 = 𝐸𝐸11 (0.028 + 0.234 ∗ (% 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎 ± 45°)

These formulations are rapid and provide a reasonably accurate estimate for classical
composites or composites with uniform fibers.
Using classical laminate analysis, classical properties 𝐸𝐸11 (longitudinal stiffness),

𝐸𝐸22 (transverse stiffness), 𝜗𝜗12 (major Poisson’s ratio) and 𝐺𝐺12 (in-plane shear modulus) of
a ply can be estimated. Longitudinal stiffness using ROM is given by:
𝐸𝐸𝑐𝑐= 𝐸𝐸𝑓𝑓 𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚 (1 − 𝑉𝑉𝑓𝑓 )

Eq 6

Transverse stiffness is determined using the Inverse ROM (Reuss Model) as:
1

𝐸𝐸𝑐𝑐

=

𝑉𝑉𝑓𝑓
𝐸𝐸𝑓𝑓

+

𝑉𝑉𝑚𝑚

Eq 7

𝐸𝐸𝑚𝑚

Major Poisson’s ratio using ROM is determined as:
𝜗𝜗12 = 𝜗𝜗𝑓𝑓 𝑉𝑉𝑓𝑓 + 𝜗𝜗𝑚𝑚 (1 − 𝑉𝑉𝑓𝑓 )

Eq 8

In-plane shear modulus is determined using Inverse ROM as:
1

𝐺𝐺12

=

𝑉𝑉𝑓𝑓
𝐺𝐺𝑓𝑓

+

(1−𝑉𝑉𝑓𝑓 )

Eq 9

𝐺𝐺𝑚𝑚

The above mentioned empirical formulations are an approximation and are very far
from estimating the actual properties of woven composites and in particular, 3DWCs.
Woven composites are designed using their properties, as long as experimental data is
available for all types of fiber/matrix combinations used in the laminate [55].
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3.2

Transverse Stiffnes –Elastic Moduli Ey and Ez

The analytical prediction of the transverse stiffness in unidirectional composite
appears more difficult than the axial case. Although the system can still be represented by
the “slab model”, this simplified model shows a serious drawback. The expression
derived from the conventional approach of the slab model that in the case of transverse
loading is also called the “equal stress model”.
The relation derived from the slab model approach is:
1

𝐸𝐸𝑦𝑦

=�

1

𝐸𝐸𝑓𝑓

1

� 𝑉𝑉 𝑓𝑓 + � 𝐸𝐸 � (1 − 𝑉𝑉 𝑓𝑓 )

Eq 10

𝑚𝑚

This is the ROM relation for Ey usually called Inverse ROM. Comparing equation (6)
with the expression for E y in equation (10), it is seen that it relates the reciprocal of the
extensional moduli with the volume fraction rather than the moduli themselves. This
expression is similar to the expression for the equivalent stiffness of a pair of springs in
series.
The non-uniform distribution of stress and strain during transverse loading implies that
the simple equal stress model appears to be inadequate to evaluate the transverse elastic
properties and more in detail the slab model gives an underestimate value of the Young’s
modulus.
The most successful empirical expression to obtain more accurate estimates of E y
(and E z ) has been proposed by Halpin-Tsai, in 1967. Although it is not based on a
rigorous theory of elasticity it takes into account the enhanced capability of fiber load
bearing, relative to the equal stress model.
The relation for the transverse stiffness is:
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Eq 11

where
𝜂𝜂 =

and

𝛾𝛾 − 1
𝛾𝛾 + 𝜓𝜓

𝛾𝛾 =

𝐸𝐸𝑓𝑓
𝐸𝐸𝑚𝑚

where ψ is a measure of fiber reinforcement of the composite material and is dependent
on fiber geometry, packing geometry, and loading conditions. Obtaining accurate values
for ψ is the most difficult part of using the Halpin-Tsai equations. The Equation (6) gives
the correct values in the limits of f =0 and f =1 (f is the fiber content) and in general
shows a good agreement with experimental data over the complete range of fiber volume
fraction. The value of y is then an adjustable parameter and its magnitude is generally of
the order of unity. Approximations for ψ are:
a) Circular fibers in square array (excellent results for V f ~0.55)

ψ = 2 for E y
ψ = 1 for G xy
b) Square fibers in square array (good results for V f <= 0.9)

ψ = 2 for E y
ψ = 1 for G xy
c) - Rectangular cross section in diamond array (good results for V f <= 0.9)

ψ = 2a/b for E y
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ψ = 1.73log (a/b) for G xy
where a = width of fiber, and b = thickness of fiber.
3.3
3.3.1

Additional approaches in the design of composite materials
Experimental methods

Experimental testing is another method used to determine bulk material properties of
woven composites. Several researchers conducted experimental studies using 3-point
bending test, quasi static tensile tests, a short beam shear test and even non-destructive
tests like resonance frequency technique to determine load carrying and energy
absorption capabilities, young’s modulus and other mechanical properties of composite
materials [9] [56-62]. Experimental testing is the best method to predict bulk material
properties of composites accurately and thus eliminating the need for micromechanics
modeling. Unfortunately, generating experimental data for several configurations requires
a large investment and is time consuming. Also, it is highly impossible to build and test
several architectures with all the variations.
3.3.2

Finite Element Analysis (FEA)

FEA is one of the most widely used and accepted methods in the analysis of
engineering systems. Several researchers in the past and present have been performing
microanalysis of 3DWCs to determine the bulk material properties. The manufacture of
fibers involves methods such as dry-fiber processing techniques like the vacuum bag or
platen method. Due to the complexity involved in modelling the realistic shapes of fibers
and matrix, many researchers in early 90’s, made an approximation to idealize these
cases by representing fibers with regular circular cross sections and matrix as regular
rectangular or square cross sections. These idealistic models predicted the bulk material
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properties, which agree closely with analytical formulations ROM, 10% Smith’s rule. But
these estimated properties deviated more than +/- 10% when compared to experimental
results. Above all, these approximations failed to capture the property changes due to
variations in the architectures.
Another group of researchers concentrated on the effect of deformed and kinks in
fibers during compaction process to the final bulk material properties of the woven
composites [9] [10] [57] [63]. These researchers developed numerical models and their
results are in close agreement with experimental values within +/- 3%. They concluded
that it is not wise to idealize the cross-sections ignoring the compacting process for finite
elemental analysis.
Wang et al. and other researchers developed physics based models to determine the
deformed/smeared shape of compacted fibers. These models are compared with SEM and
micro CT images of experimental samples and are in agreement with physics based
models. Furthermore researchers, Wang et al. and Zhou et al. developed single and multidigital element method as opposed to traditional finite elemental analysis [57] [64] [65].
The digital element approach reduced burden on the need for high computations. This
group worked for more than a decade and half in developing digital element method,
improve, perform feasibility studies and validated the process experimentally. This final
compacted physics based models represented the realistic geometries of the fiber and
matrix. This group along with Endel et al. 1996, extended further to determine the bulk
material properties using b-Spline approximation method instead of pure Finite Element
Analysis. This method reduced computational time and resources needed in solving the
stiffness matrices within FEA drastically [66]. Hence, the method of multi-digital
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elements and b-spline approximation methods are adopted in this study to determine the
bulk material properties of 3DWCs.
3.3.3

B-Spline Finite Element Formulation [67]

B-splines provide a methodology to approximate a given set of points with smooth
polynomial functions. The basis functions are represented by piecewise polynomials and
the approximation provides a high degree of continuity depending on the basis used. For
example, continuity is obtained when quadratic basis is used and continuity is obtained
when cubic basis is used and so on. It is to be noted that the Lagrange interpolations,
which are used in traditional FEM are continuous irrespective of the basis used. B-spline
basis functions are classified into uniform, non-uniform and NURBS. Uniform b-spline
basis functions have equally spaced nodes in the parameter space and the basis functions
are periodic. Adjacent nodes in non-uniform b-splines are not equidistant in the
parameter space. NURBS are generalization of non-uniform b-splines, where the basis
functions are rational functions and are capable of representing several analytical curves
exactly. In this work, uniform b-splines are used for approximating the solution space.
The discussion on b-splines in the remaining of this chapter is limited to uniform bsplines.
The b-spline basis functions have compact support and lead to banded stiffness
matrices. b-spline approximation provides high order of continuity and is capable of
providing accurate solutions with continuous gradients throughout the domain. This is a
major advantage over standard finite element shape functions. The b-spline basis
functions form a partition of unity and are able to accurately represent the state of
constant field in the domain of interest. This property is very important for convergence
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of the approximate solutions provided by b-splines. The basis functions used are
polynomials and accurate integration can be performed by using Gauss quadrature. The
b-spline approximation has good reproducing properties and when a 57 cubic b-splines
are used for approximating the solution, all the polynomial solutions up to third order can
be represented exactly. B-spline shape (basis) functions are traditionally constructed
using recursive definition [68]. The parameter space is partitioned into elements using a
knot vector (equivalent to a collection of nodes). Very general methods are available to
insert knots and elevate the order (or degree) of the polynomial basis functions. This
framework therefore can be used to implement h-p- and k-refinement and has been
studied in the context of iso-geometric analysis by Hughes et al [69]. Instead of using
recursive definitions as in geometric modeling applications, polynomial definitions for bspline basis functions are used here. Furthermore, it is convenient to define an
independent parameter space for each element in the grid instead of a continuous
parameter space (or knot vector) for all elements. Therefore it is assumed here that for
each element in the grid, parameter values vary within as is done for traditional
isoperimetric finite elements. This is illustrated for the one-dimensional case in Figure 11
where a cubic b-spline approximation is shown. In Figure 11, element is defined between
vertex nodes 2 and 3, but the approximation defined over (referred to as its span) is
controlled by four nodes (1-4), which can be refer to as its support nodes.
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Figure 11 Approximation using 1D cubic b-splines

3.3.3.1 One Dimensional B-Spline Elements:
The polynomial expressions for the basis functions can be derived using the continuity
requirements between adjacent elements. A kth order b-spline has k +1 support nodes with
some of the support nodes lying outside the element. The span corresponding to the
element is defined by the basis functions of all the support nodes. The basis functions are
polynomials of the form 𝑁𝑁𝑖𝑖 = ∑𝑘𝑘𝑗𝑗=0 𝑎𝑎𝑖𝑖𝑖𝑖 𝑟𝑟 𝑗𝑗

whose coefficients are determined using continuity requirements. Since the parameter
range for the element is r ∈ [ 1− ,1], the parameter value for first support node is r =(k+1)/2 and for the (k+1)th support node is

r = (k+1)/2 for the parameterization to be

uniform. The approximated function is a linear combination of the basis functions within
each element so that the span of the element e is represented as
𝑓𝑓𝑒𝑒 (𝑟𝑟) = ∑𝑘𝑘𝑖𝑖=0 𝑁𝑁𝑖𝑖 𝑢𝑢𝑖𝑖 = ∑𝑘𝑘𝑖𝑖=0�∑𝑘𝑘𝑗𝑗=0 𝑎𝑎𝑖𝑖𝑖𝑖 𝑟𝑟 𝑗𝑗 � 𝑢𝑢𝑖𝑖

Eq 12

In the equation (12) u i are the support nodal values and it is assumed for convenience
that the first support node for element has index 0. b-spline approximation of order k has
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b(k-1) continuity at the junction between adjacent elements. This continuity requirement
can be stated as
𝜕𝜕𝑚𝑚 𝑓𝑓𝑒𝑒 (1)
𝜕𝜕𝑟𝑟 𝑚𝑚

=

𝜕𝜕𝑚𝑚 𝑓𝑓𝑒𝑒+1 (−1)
𝜕𝜕𝑟𝑟 𝑚𝑚

, 𝑚𝑚 = 0,1 … . 𝑘𝑘 − 1

Eq 13

where, e and e+1 are adjacent elements whose derivatives are evaluated at the end point
(r=-1) and start point (r=1)respectively. m = 0 represents the continuity equation. Using
Eq. (13), the continuity equations can be expressed as
𝑗𝑗!

𝑗𝑗!

𝑗𝑗!

�∑𝑘𝑘𝑗𝑗=0 (𝑗𝑗−𝑚𝑚)! 𝑎𝑎0𝑗𝑗 � 𝑢𝑢0 + ∑𝑘𝑘𝑖𝑖=1 �∑𝑘𝑘𝑗𝑗=0 (𝑗𝑗−𝑚𝑚)! 𝑎𝑎𝑖𝑖𝑖𝑖 − ∑𝑘𝑘𝑗𝑗=0 (𝑗𝑗−𝑚𝑚)! 𝑎𝑎𝑖𝑖𝑖𝑖 (−1)𝑗𝑗−𝑚𝑚 � 𝑢𝑢𝑖𝑖 −
𝑗𝑗!

�∑𝑘𝑘𝑗𝑗=0 (𝑗𝑗−𝑚𝑚)! 𝑎𝑎𝑘𝑘+1𝑗𝑗 (−1)𝑗𝑗−𝑚𝑚 � 𝑢𝑢𝑘𝑘+1 = 0

Eq 14

Since this equation (14) is valid for arbitrary values of Ui, I varying from 0..k , the
coefficients corresponding to each should vanish. This results in a set of linearly
independent equations. Since equations are obtained for each value of , a total of linearly
independent equations are obtained. An additional equation stating that Ni used to obtain
k+1 basis functions form a partition of unity needed to solve for all coefficients of the
basis functions. Using this approach, the basis functions for quadratic and cubic b-splines
can be derived as shown in Eq. (15) and the basis functions plotted.
3.3.3.2 Quadratic B-spline element
The shape functions for quadratic b-spline element are constructed using the procedure
explained above. Quadratic b-spline element in one-dimension has three nodes and hence
three shape functions. The corresponding equations are shown below:
1

1

1

𝑁𝑁1 = (1 − 2𝑟𝑟 + 𝑟𝑟 2 ); 𝑁𝑁2 = (6 − 2𝑟𝑟 2 ); 𝑁𝑁3 = (1 + 2𝑟𝑟 + 𝑟𝑟 2 )
8

3.3.3.3 Cubic B-spline element

8

8

Eq 15

It can be seen that, unlike traditional finite element shape functions, the b-spline basis
functions are not unity at the corresponding node and do not vanish at other nodes.
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Therefore, these basis functions do not satisfy the Kronecker-delta property and the
approximation constructed using these basis functions does not interpolate nodal values.
𝑁𝑁1 =

𝑁𝑁3 =

1

48

1
1
(1 − 3𝑟𝑟 + 3𝑟𝑟 2 − 𝑟𝑟 3 ); 𝑁𝑁2 =
(23 − 15𝑟𝑟 − 3𝑟𝑟 2 + 3𝑟𝑟 3 )
48
48

(23 + 15𝑟𝑟 − 3𝑟𝑟 2 − 3𝑟𝑟 3 ); 𝑁𝑁4 =

1

48

(1 + 3𝑟𝑟 + 3𝑟𝑟 2 + 𝑟𝑟 3 )

Eq 16

3.3.3.4 Two and Three Dimensional B-Spline Elements
The basis functions for the higher dimensional b-spline elements are constructed by
taking product of the basis functions for one-dimensional b-splines. In a typical grid used
corresponding to cubic b-spline elements where the span corresponding to each element
is controlled by 16 support nodes. The grid elements used here are regular quadrilaterals
(rectangle/square) or regular hexahedra (cube/cuboid), hence the 60 mapping for
geometry of elements from parameter space to the physical space is linear. Note that even
if an iso-parametric formulation is used the mapping will degenerate to a linear map
because the element geometry in physical space is regular and can be obtained by scaling
the element geometry in parametric space.
Hence, in this chapter a brief review of the methods of design of composite materials
is presented. The specific cases of the approaches used to design 3DWCs is presented in
the next chapter.
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CHAPTER 4-Design of 3DWCs using VTMS
In this chapter, the FEA based software, VTMS has been used to design the 3DWCs.
Initially, FEA of a unit composite cell analysis is performed as a proof of concept. This is
followed by extended FEA analysis of 3DWCs to validate VTMS and BSAM methods.
Different architectures and materials have been analyzed. Finally, the developed
architectures and materials are used in the macro-analysis of a hip implant.
4.1

Validation of FEA models

In the validation of FEA model, a basic unidirectional unit composite cell analysis is
performed and results are compared to those obtained in theory.
4.1.1

Finite Element based Hexagonal Unit Composite Cell analysis

A unit hexagonal composite cell is modeled in Abaqus 6.12/6.13 as shown in Figure
12. The center highlighted cylindrical part represent fiber and the rest represents matrix.
For proof of concept S2- Glass is considered as fiber and poly methyl methacrylate
(PMMA) is considered as matrix. Three different configurations are considered
representing different fiber-matrix percent volume (PV) – 50, 60 and 70%.

Figure 12 Hexagonal Unit Composite Cell
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Table 2 Material properties for the unit cell
S-2 Glass

PMMA

Units

86900

3300

MPa

Poisson's ratio

0.23

0.39

Density

0.00246

0.00119

Young's
Modulus

kg/m3

Fixed boundary condition is applied to one face and a constant displacement boundary
is applied to the opposite face. 10 different displacements are applied their corresponding
stress and strain values of the composite are plotted. Figure 13 shows von-misses stress
and U - displacement in the unit cell.

Figure 13 Von-misses stress (L) and U-displacement (R)
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Figure 14 Stress vs Strain plots for different volume percent

From Figure 14, the values of Young’s Modulus are 46000, 53000 and 62500 MPa for
50%, 60% and 70% fiber-matrix percent volume. These computational results matched
closely with material properties of composites based on rule of mixtures.
4.1.2

Finite Element Analysis of 3D Orthogonal Woven Composites

In order to determine the material properties of 3DWCs, customized software Virtual
Textile Morphology Suite (VTMS) and B-Spline Analysis Method (BSAM) is used. This
software is developed by U.S. Air Force Research Laboratory. Predefined 3D orthogonal
textile morphologies are developed in textile module within VTMS. The fiber
specifications are - diameter 0.96 mm, tow spacing 1.92 mm, binder pattern 2x1 with 2
layers. These morphologies are extended, moved as needed to shift one corner of the
morphology to origin. These fiber morphologies are virtually relaxed and compacted
further. The method of multi-digital chains is employed to achieve this [70] [71]. This
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step generates realistic tow morphologies resulting from dry-fiber processing techniques
– vacuum bag and/or platen compaction method. After relaxing and compacting the
fibers to desired specifications, Tow Modify module wraps a smooth surface around
them. These surfaces are then manipulated either manually or automatically to remove
interpenetration errors between the two surfaces. These perform surfaces are then clipped
and/or cut to an appropriate dimensions as shown in Figure 15.

Figure 15 Predefined 3D Orthogonal Fibers a) Isometric View b) Front View c) Top
View
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Figure 16 3D Orthogonal tows after compaction a) Isometric View b) Top View

Figure 17 Matrix and fibers showing Boundary Conditions
The compacted perform surfaces are used to generate hexahedral mesh, which is
compatible with BSAM. Various controls are available to adjust the quality of the mesh.
A rectangular volume mesh is generated representing the resin between the tows.
These meshed parts are imported to BSAM module, assigned material properties and
boundary conditions as shown in the figure. Different load conditions are applied to this
composite and results are plotted.

40

Figure 18 U-displacement of the 3DW Composite RVE

Figure 19 S xx – stress in x direction of 3DW Composite RVE
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Figure 20 Stress-strain graph for 6% Z yarns at 0o orientation of the fibers

Figure 21 Stress-strain graph for 10% Z yarns at 0o orientation of the fibers

4.1.3

Model Validation and Comparison of present Results with Literature

Pankow et al. examined six different types of architectures for mechanical properties.
Of the six, the three z fiber designs are 3%, 6% and 10% Z and the other three are layer to
layer fiber architectures [60]. Tensile, V-notched rail shear, short beam shear and

42

laterally constrained compression tests were performed on each sample until failure to
capture the failure of the specimens. The material SC-15 is used as resin and S-2 glass is
used for fibers. For each design a simple tensile test with three different orientations 0° ,
P

45°, and 90°, are being tested. The burn out tests resulted in approximately 45 to 47%
Fiber volumes.

Table 3 Material properties for VTMS analysis [60]
Material Properties
Young's Modulus(𝑬𝑬𝟏𝟏𝟏𝟏 )
Poisson's Ratio (𝝑𝝑𝟏𝟏𝟏𝟏 )
Ultimate Stress (𝝈𝝈𝑼𝑼 )

Ultimate Strain (%) (𝜺𝜺𝑼𝑼 )

S-2 Glass (Fiber) SC-15 (Matrix)

Units

114.2

2.487

GPa

0.22

0.35

-

-

110

MPa

-

6.4

-

Micro mechanical 3DW models were developed based on 6% and 10% z architectures
with 42 and 52% fiber volume fractions. Same SC-15 for resin and S-2 glass fibers
material properties are considered for simulations. Several displacement loads resembling
the tensile loads were applied to these models along the three orientations 0°, 45° and
90°. The results obtained from simulations are plotted along with experimental results for
comparison is shown in Figure 22.
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Figure 22 Stress-strain graph for 6% Z yarns at 0o orientation of the fibers

Figure 22 shows the results for 6% Z yarn loaded along 0° and 52% fiber volume ratio,
the Young's Modulus was found to be 29.85 GPa. For 42% fiber volume ratio, the
Young’s Modulus was found to be 25.19 GPa. Experimental tests at 46% fiber volume
ratio report a value of 24.54 +/- 1.42 GPa.
Figure 23 shows the results for 10% Z configurations loaded along 0° and 42% fiber
volume ratio. This resulted in a Young’s Modulus value of 14.07 GPa. Experimental tests
at 45% fiber volume ratio report a corresponding value of 17.75 +/- 0.2757

22

. Similar

analyses are performed along 900 orientation for both 6% and 10% Z configurations. For
a 42% Fiber volume fraction, simulations result in a bulk Young's Modulus of 14.08 GPa
for 10% Z configuration. Experimental values from literature for 45% fiber volume ratio
yielded values of 21.46 +/- 1.10 GPa and 16.28 +/- 1.24 GPa respectively.
Analysis performed on 6% Z configuration with 42% fiber volume fraction resulted in
Young's modulus of 5.21 GPa, whereas experimental results from literature for 45% fiber
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volume fraction yielded a value of 7.47 +/- 0.027 GPa. Since the simulation results are
comparable to the experimental results, we proceed to the next phase of research.

Figure 23 Stress-strain graph for 10% Z yarns at 0o orientation of the fibers

4.2

Extended Finite Element based Modeling

Several researchers reported literature on FEA based micro-analysis of 3DWC’s for
basic and symmetric loading conditions [10], [13], [63], [72-74]. Some of the works use
both FEA and experimental testing to validate their numerical results. Since there are
endless possibilities in varying the architecture and/or constituents of these woven
composites, it is not feasible to perform experimental tests for all the configurations.
Physics based models representing the compacted fiber and resin structures were proven
to be more reliable than idealistic models. Hence in the present study, a customized
software Virtual Textile Morphology Suite (VTMS) developed using physics based
methods are established as a standard; to determine the realistic geometry of fibers and
matrix.
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In order to determine bulk material properties of 3DWC’s, another customized software
B-Spline Analysis Method (BSAM) is used. Both VTMS and BSAM are developed by
U.S. Air Force Research Laboratory and U.S. Army Research Laboratory in collaboration
with researchers at University of Daytona and Arizona State University [64] [65] [70]
[72].
The general procedure used for analysis involves:
Developing predefined 3D orthogonal textile morphologies [71] in Textile Module of
VTMS software. These morphologies are modified – extended, moved and rotated as
required. These fiber morphologies are then virtually relaxed and compacted in
Relaxation Module to replicate the final manufactured sample. The method of multidigital chains is employed [72] to achieve this. This step generates realistic tow
morphologies resulting from dry-fiber processing techniques – e.g., vacuum bag and/or
platen compaction method [71]. After relaxing and compacting the fibers to the desired
specifications, Tow Modify Module wraps a smooth surface (layer) around yarns (bundle
of fibers). These tow surfaces are then manipulated either manually and/or automatically
to remove interpenetration errors between them. These pre-formed surfaces are then
clipped and/or cut to appropriate dimensions as needed. The resulting compacted preformed surfaces are used to generate tetrahedral mesh, which is compatible with BSAM.
Several meshing controls are available to adjust the quality of the mesh, which follows
the same meshing rules of Abaqus. Rectangular volume mesh is generated to incorporate
the matrix and interface regions. The modeling process is briefly illustrated in Figure 24
(steps 1 through 6).These meshed parts are assembled in BSAM module, Boolean
operations are performed to remove excess matrix material overlapping with fibers.
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Material properties for fiber and matrix are assigned along with the boundary conditions
and XFEA is performed.

Figure 24 General steps involved in developing 3D Woven Composite Model

4.3

Architecture selection for micro-analysis

Four different predefined architectures are considered in this study given as: 3D
Orthogonal Woven (3DOW), Ply to Ply Inter-lock without Warp (P2PILwoW), Ply to Ply
Angle Inter-lock without Warp (P2PAngILwoW) and 2D Tri-axial Braided (Tri-Axial)
structure. For the 3D Orthogonal Woven architecture, two different Z percent fiber
volumes of 6% and 10% were considered. For ease of readability, all the 4 architectures
are named as architecture 1, architecture 2, architecture 3 and architecture 4 respectively.
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A detailed explanation of the methodology developed for analysis of Architecture 1 is
given in the next section followed by a brief explanation of the other 3 architectures.
4.3.1

Development of 3D Orthogonal Woven Structure (3DOW)

Predefined 3DOW morphologies are developed in textile module of VTMS. The
specifications used for one of the models are as follows: a diameter 0.96 mm for warp
and weft, a diameter of 0.48 mm for z-yarns with a tow spacing of 1.92 mm, binder
pattern 2x1 with 2 layers repeated twice in X and Z directions. The layout with brief
labelling is shown in Figure 25. The developed model is extended 2 units on all ends to
make compaction process smoother and avoid edge factors. A sub- yarn topology is
generated with 5 sub-yarns in all directions. This will create a bundle of 19 digital fibers
representing each yarn. These morphologies are moved as needed to shift one corner of
the morphology to origin and are generally called as sub-yarn morphologies. These
specifications yielded a total of 42% fiber volume along warp and weft together and 10%
fiber volume along z-yarns.
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Figure 25 3D Orthogonal Woven
These sub-yarn morphologies are relaxed in Relaxation Module for 1 cycle using a
damping value of 100 and the fibers are loaded using edge fixed condition. This
morphology is further relaxed for 3 cycles using a damping value of 100 and fibers are
loaded allowing 5 to 10% of edge pressing. The relaxation process is further continued
with relaxation parameters of 15 cycles at damping value of 100 and fibers in edge fixed
condition.
These relaxed sub-yarn morphologies are further modified in Textile Module. A pair
of mold is created just above and below the model, which represent the platten or vacuum
bag in dry-fiber processing technique.
The relaxed model and the two molds are assembled in Relaxation Module. Generic
material properties are assigned for E 11 (longitudinal). Values for E 11 range from 0.01 to
1.0 (representing relative values). Same values for all the parts in the model will lead the
model to smear uniformly. If different materials are used for fibers i.e., different
materials for warp, weft and binder, different values of E 11 are assigned relatively based
on their strengths. The relaxation parameters for fibers are set to 4 cycles with a damping
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value of 25 and edges fixed. This time, the mold compaction is turned on with top mold
rigid and loading the bottom mold to 0.05mm. After relaxing once, the mold compaction
settings are modified changing bottom mold to rigid and top mold to -0.5 mm. Thus, for
every relaxation cycle, the top mold moves down 0.5 mm thereby pressing or compacting
the fibers. The above relaxation cycle is repeated until the desired thickness is achieved,
which reflects the thickness obtained if a sample was actually manufactured.
A surface is generated from each fiber/yarn model after relaxation and wraps around
the smeared yarn and is called a tow. The tows are generated by discretizing the model to
several slices and stacks. All the other tows are generated using a similar approach by
opening one fiber at a time. These tows are further re-meshed by adjusting the number of
slices and stacks. If the tows are sufficiently long, it is recommended to create 28 to 32
slices and 50 to 60 stacks. For very low tow lengths, it is recommended to use lower
values for slices and stacks. The re-meshing is needed to further smooth the rough
surfaces.
The newly generated smooth tows are re-assembled in Tow Modify Module and an
extra length of 1 or 2 units are added to each tow. This will reduce the errors caused due
to tangency at the edges during meshing. These tow surfaces are checked for
interpenetrations. The interpenetrated surfaces are manipulated either manually and/or
automatically to remove interpenetrations. These preform surfaces are then clipped
and/or cut to appropriate size as needed, which represent a unit Representative
Elementary Volume (REV).
In Mesh Generator Module, these compacted tows representing fibers are used to
generate hexahedral meshes (C3D8). Several mesh control parameters – medial axis
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effect, mesh density, coarse to fine cross wire and other settings are adjusted to achieve
mesh without bad elements. The quality of the mesh is determined using the same
meshing rules in Abaqus\Simulia 3DS i.e., considering aspect ratio and skewness of
elements to determine the quality of the mesh. A rectangular volume mesh, enclosing
these fibers/tows is generated, which represents the resin or matrix of the composite.
BSAM uses Independent Mesh Method (IMM) to define the interface elements see
Figure 26(b), where the tow elements intersect matrix elements. If this same model is
imported to Abaqus CAE, it has no way to handle this interface regions. These regions
need to be manually connected, which is very difficult and error prone especially given
the small weird tow and resin pockets [70].

Figure 26- a) 3DOWC Meshed model with Boundary Conditions b) P2PILwoW
showing Interface elements – connection of tow and resin elements.

These meshed parts are assembled together in BSAM Module to perform Finite
Elemental Analysis. A set of materials are selected for fiber and matrix and their
corresponding mechanical properties are assigned to the imported model. Fixed and
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displacement Boundary Conditions are applied to chosen surfaces as shown in Figure
26(a) and then XFEA analysis is performed using BSAM. Upon convergence of the
analysis, the resulting values of principal stress and principal strain are extracted from the
output and are plotted. Similar procedure is followed to build the other three
architectures.
A new 3DOW model with the same/similar architecture but with 10% volumes in z-yarns
is considered. The specifications used for this model are: diameter of 0.86 mm for warp
and weft, a diameter of 0.4 mm for z-yarns with a tow spacing of 1.72 mm, a binder
pattern 2x1 with 2 layers. This configuration yielded a model with a total of 42 percent
fiber volume along warp and weft together and 6 percent fiber volume along z- yarns.
4.3.2

Development of P2PIL

A predefined 3D Ply to Ply Interlock without warp (P2PILwoW) with a weft diameter
of 0.5 mm, a spacing of 0.75 mm, binder (z-yarn) diameter of 0.2 mm with a spacing of
0.25 mm with 2 layers and repeated twice in X and Z directions, is shown in Figure 27.

Figure 27 Ply to Ply Inter- Lock without Warp
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4.3.3

Development of P2PAng

A predefined 3D Ply to Ply Angle Inter-Lock without warp (P2PAngILwoW) with a
weft diameter of 0.5 mm and a spacing of 0.75 mm, binder (z-yarn) diameter of 0.2 mm
with a spacing of 0.25 mm with 2 layers and repeated twice in X and Z directions is
shown in Figure 28.

Figure 28 Ply to Ply Angle Inter- Lock without Warp

4.3.4

Triaxial

It is the predefined Triaxial braided morphology with an axial diameter of 0.5 mm
o

with braids of diameter 0.25 mm at a braiding angle of 45 and unit cell width of 1.5 mm
and repeated four times in both X and Z directions and is as shown in Figure 29.
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Figure 29 Tri-axial Braided

4.4

Material Selection for the micro-analysis

The most common hip implant materials are metals and metallic alloys. Apart from
metals, other materials considered are ceramics, cements and unidirectional polymeric
fibers. In the present work, several of these and other materials used for hip implants
were studied to determine the positive and negative aspects. Three fiber materials namely
Ti6Al4V, which is medical grade 5, CoCr alloy and Carbon Fiber along with two
polymer materials UHMWPE and PEEK are considered. These polymers are all
biocompatible and widely used in medical implants. The material models for each
constituent used in the analysis are given in Table 4.
Table 4 Mechanical Properties of fibers and resin.
Fibers are assumed to be transversely isotropic which gives the following assumption:
(E 33 f = E 22 f, G 13 f = G 12 f and G 23 f = E 22 f/2(1-ν 23 f))
Fibers

E 11

E 22

G 12

Xt

ν 12

ρ(gm/cc)

Carbon Fiber(Hexcel)

231

50.2

50

4150

0.1

1.78

Ti6Al4V

114

11.4

44

1100

0.3

4.43

CoCr Alloy

220

22

45

4500

0.3

4.5

54

Resin

E 11

Xt

ν 12

ρ(gm/cc)

UHMWPE

0.75

30

0.46

0.93

PEEK-HA

3.59

97.2

0.4

1.3

E 11 , E 22 , E 33 – elastic Modulus (GPa) in X, Y and Z coordinate system.
G 12 , G 13 , G 23 – Shear Modulus (GPa) in XY, XZ and YZ planes.
X t – Tensile strength (MPa)

ν – poisson’s ratio

ρ – density of material
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f

– fiber

CHAPTER 5-Finite Element Analysis of Hip Implant
In this chapter details of developing hip implant model, meshing strategies, applied
materials and loading conditions used to analyze the model are discussed.
SolidWorks® 2013(Dassault Systemes SolidWorks Corporation, Concord, MA, USA) is
used to create the hip implant models with different design variables. A baseline hip
implant is designed and modified to develop three different hip models using both design
and non-design parameters. These solid models are imported to the finite element
preprocessor - HyperMesh V13.0 (Hyperworks, Altair Engineering, Troy, MI, USA) to
develop the needed orphan mesh, create sets, sections and assign material properties to
these sections. The output from HyperMesh, is as an input file required to perform robust
FEA solver in Abaqus.

5.1

Development of solid hip implant model

A baseline solid hip implant model with stem and head are developed in SolidWorks.
SolidWorks is widely used to create complex mechanical models. First the major solid
component femoral stem of the hip implant was created. A stem model from literature
was chosen to generate the required dimensions for designing a baseline model [75].
Overall stem dimensions are approximately 18 cm in height, including the neck length of
approximately 2 cm. Neck diameter, neck angle and other factors are not changed to
avoid increase in variations (independent parameters). The length and distance
parameters are kept constant, changing only the cross section of the profile as shown in
Figure 30(b). These two baseline implant models are assigned traditional material
properties i.e., isotropic Ti6Al4V alloy for stem and COCr alloy for the head. To consider

56

functionally graded stem, these two base models are further discretized to number of subsections (say 16 or 17) and each section is assigned material properties which mimic the
functionally graded material.

Figure 30 Stem dimensions a) lengthwise b) cross-section profiles [75]

A femoral head was designed as a basic model with a nominal diameter of 40mm with a
cylindrical cut to allow stem neck insertion. These two components are assembled
together as shown in Figure 31(a). Femoral head is fitted to the top of the neck and
aligned for proper fixation.
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Figure 31 (a) Assembly of Hip Implant in SolidWorks (b) Finite Element Mesh

5.2

Preparation for solid processing into HyperMesh

All the solid models created in SolidWorks are exported to both iges and step (.stp)
file formats. These file formats are neutral files and can be easily imported by
Hypermesh.

Step file format provided higher accuracy due to the complex geometry of

the implant assembly. Iges file format was not used for analysis due to failure of
importing all geometries.
5.2.1

Preprocessing of finite element model

Hypermesh FEA tool/software is a reliable software widely used in industrial,
automotive, biomedical and aerospace fields. This software is more predominantly used
as a preprocessor to create a file which is compatible to be used in a much complex FEA
solvers like Abaqus. FEM converts a complex geometry into sub-divisions called finite
elements. The geometrical elements collectively represent an entire geometry. The size of
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these elements is usually selected by user for preferred accuracy of solution. Course and
fine meshing discretizes the entire model into larger or smaller elements respectively.
Consecutive elements in the same geometry are connected by common points called
nodes. Several nodes are connected to construct an element and several elements
combined together will form a complex geometry. When boundary conditions are
applied, the interaction between nodes will result in nodal solution whereas the
interactions between elements created by nodal interfaces will generate elemental
solution. The range of motion for elements is the function of permitted nodal vector
constraints, called degrees of freedom (DOF) [76].
Two different stems are modeled using different cross sections. These two models are
assigned traditional material properties i.e, isotropic Ti6Al4U Grad 5 alloy for the stem
and CoCr alloy for the head. To consider functionally graded stem, these stem model is
discretized into numbers of sub section (say 16 or 17) and each section is assigned
functionally varying material property. The classification of these models are detailed in
Table 5.
Table 5 Details of different implant models
IMPLANT #

Profile of stem

FG Material ( Yes/ No)

1

1

No

2

2

No

3

1

Yes

4

2

Yes
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5.2.2

Meshing and mesh refinement
The neutral hip implant assemblies are imported to Hyper Mesh 13.0. After

importing the geometries successfully, the geometries are cleaned up using target element
size and auto clean option. 2D membrane elements of 2x10−4 mm thickness are created
on the surface of the implant model using mixed first order triangular (M3D3) and
quadrilateral (M3D4) elements as shown in Figure 31(b). These membrane elements are
used to generate 2nd order 3D tetrahedral elements (C3D10I) as shown in Figure 32Figure
33.
Even though hexahedral elements are preferred for their accuracy, due to the
complexity of the implant geometry, a 2nd order tetrahedral elements are considered for
this study.
Initial target element size of 5 is considered based on the overall size of the model and
the entire model is meshed. This resulted in a coarser mesh as shown in Figure 32.

Figure 32 Implant 1 with target element size 5
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Different target element sizes 4, 3, 2 and 1 are considered and the FEA analysis is
performed to determine the final results, which are mesh independent. Implant 1 with
target element size 1 is shown in Figure 33. Different target element size and their
corresponding number of 2D and 3D nodes and elements are listed in Table 6
Table 7 for Implant 1 and Implant 2.

Figure 33 Implant 1 with target element size 1
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Table 6 Implant 1 with target element size, number of nodes and elements
Target

Implant

Element

1

2D Membranes
Nodes

3D Solids

Elements

Nodes

Elements

Total
Nodes

Eleme-

Size

nts

5

4

3

2

1

Stem

346

352

361

861

Head

251

269

347

1250

Stem

745

780

881

2664

Head

375

400

557

2121

Stem

1078

1110

1361

4469

Head

705

748

1196

4898

Stem

2523

2570

3839

14754

Head

1474

1523

2875

12559

Stem

8926

9023

17368

75840

Head

6335

6430

15319

72007

1305

2732

2558

5965

4340

11225

10711

31406

47948

163300

Table 7 Implant 2 with target element size, number of nodes and elements
Target

Implant

2D Membranes

3D Solids

Element

2

Nodes

Elements

Nodes

Elements

Stem

422

442

2715

1334

Head

298

322

470

1844

Stem

594

611

4097

2098

Head

418

442

4288

2563

Stem

1093

1120

9349

5261

Head

693

722

1179

4840

Stem

2503

2557

3971

15600

Head

1626

1673

3232

14230

Stem

9191

9285

18532

81855

Head

6355

6449

15345

72081

Total
Nodes

Elements

3905

3942

9397

5714

12314

11943

11332

34060

49423

169670

Size
5

4

3

2

1
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5.2.3

Material properties
For baseline models (Implant 1 and 2), linear elastic material properties are

considered for stem and head, which are shown in Table 8
Table 8 Material properties for stem and head
Part

Material

E(GPa)

ν 12

ρ(gm/cc)

Stem

Ti6Al4V

120

0.342

4.43

Head

CoCr Alloy

230

0.3

8.8

For functionally graded material the elastic modulus of the stem is varied
considering a power law. From previous micro analysis, we concluded that the modulus
can be varied from distal to proximal end of the stem as needed. In this study an elastic
modulus of 𝐸𝐸𝑏𝑏 =20 GPa is considered at the distal end and 𝐸𝐸𝑎𝑎 =120 GPa is considered at
the proximal end. The elastic modulus is discritized using the formula
𝐸𝐸𝑘𝑘 = 𝐸𝐸𝑎𝑎 �

𝑖𝑖

𝑡𝑡𝑡𝑡𝑡𝑡

𝑛𝑛

� + 𝐸𝐸𝑏𝑏 � 1 − �

𝑖𝑖

𝑡𝑡𝑡𝑡𝑡𝑡

𝑛𝑛

� �

Eq 17

where n takes a value between 0 to 1.0 .

Figure 34 Young’s modulus for base model and functionally graded model w.r.t length
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For this analysis we considered a value of n = 0.5 and stem is discretized to 17 parts.
The values of E along the length of the stem are shown in Figure 34. The sections made
in the stem to assign different material properties is shown in Figure 35.

Figure 35 Stem showing functionally graded material sections.

5.2.4

Defining Contact Surface
In Abaqus, each part is on its own and are not interlinked or tied automatically. The

user has to specifically define the interactions between the parts. For this analysis, a basic
surface-surface based tie constraint is specified between the head and stem parts with a
tolerance of 0.5 mm. This means any surfaces, which are within a distance of 0.5 mm are
considered to be tied together.

5.2.5

Boundary and load conditions
Three different sets, two nodal sets and one element set are predefined to apply

appropriate boundary and load conditions.
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Assuming the bone ingrowth already occurred near the porous surface of the stem, the
nodes near distal end (marked A) are totally fixed i.e., both translational (U1, U2 and U3)
and rotational (U4, U5 and U6) are totally constrained. Also another location (marked B)
shown in Figure 36 is pinned meaning stem is not constrained rotationally but is fixed
translationally.
We also incorporated into the model the mechanical behavior of a trunnion-head
junction simulating the load experienced by the head during the single-leg support phase
of normal level walking. This corresponded to a pressure load of 2.1 MPa, which is
applied to the dome of the head as shown in Figure 36 which simulates 2.6 times bodyweight force at the hip [77] [78].

Figure 36 Implant showing boundary and loading conditions

Abaqus solver is used to perform actual FEA analysis. The results obtained are given in
the next chapter.
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CHAPTER 6-Results and discussion
6.1

Micro-analysis results

Over each architecture, all combinations of fiber material and matrix material were
compared in two directions (longitudinal and orthogonal) for a total of twelve individual
modulus calculations per architecture. The first architecture, Ortho, resulted in a
longitudinal modulus within the range of 15-20 GPa for each material combination.
While the typical loading case for micromechanics models is to incorporate period
boundary conditions, to limit the computational complexity samples were loaded by
applying a fixed/displacement boundary condition on opposite surfaces corresponding to
the loading direction. As the scope of the study was to determine a range of modulus to
match pre-existing specifications, the error associated with the simplified boundary
conditions was ignored. The stress distribution of the ortho unit cell with Ti6Al4V fibers
and UHMWPE resin is shown in Figure 37. In Figure 37(b) the fibers are isolated and the
stress distribution in fibers is shown. The fibers in the warp direction have average stress
value of 35.7 MPa in the warps for 10% Z-yarns and an average stress value of 31.2 MPa
for 6% Z-yarns for a displacement load of 0.008 mm. The simulation results provide
principle stress and principle strain matrices. The numerical values of the elastic modulus
in the longitudinal directions are summarized in Table 3. From the table, it is evident that
the elastic modulus for the combination of carbon fiber and PEEK is highest (26.81GPa)
among all the combinations and hence stronger.
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Figure 37 Stress Sxx of Ortho model – Z6% loaded in X direction a) Unit Composite b)
Only Fibers

Table 9 3D Orthogonal Woven Composites 6% Z yarns – elastic modulus (GPa) longitudinal

Matrix/resin 

UHMWPE

PEEK

CF

23.02

26.81

Ti6Al4V

13.62

15.38

CoCr alloy

22.03

25.78

Fiber 
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Figure 38 Stress Szz of P2PIL loaded in Z direction (a) Unit Composite (b) Fibers only

Stress distribution of P2PIL with Carbon Fiber and PEEK as resin is shown in Figure 38
with loading in Z direction for both the unit cell and fiber only configurations. The fibers
in the weft direction are more stressed in this load setting with average stress value of
53.5 MPa with one face fixed and other face loaded at 0.01mm. The simulation results
provide principle stress and principle strain matrices. Stress–strain plots for various
loading conditions are shown in Figure 39 and elastic modulus is estimated from these
graphs. The numerical values of the elastic modulus in the longitudinal directions are
summarized in Table 10
Similar analysis is performed for this architecture with loading in X direction. The
inter-locking fibers are more stressed in this load setting with average stress value of 8.7
MPa with one face fixed and other face loaded at 0.01mm. Elastic modulus (E 33 ) in
transverse direction are calculated from the analysis results and are summarized are in
Table 11.
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Figure 39 Stress-strain plots for P2PIL with PEEK as resin.

It is evident from Table 10 and
Table 11 that the elastic modulus value corresponding to each configuration for the fiber
and matrix are greater in the case of X/Z direction loading. Hence, it is concluded that,
the composite material is stronger in Z direction (major fiber alignment) when compared
to X direction. Thus results are in agreement according to the physics of the configuration
(Principle of composites i.e., material is stronger along major percent fiber volume and is
weaker in other direction).

Table 10 Ply to Ply Interlocking without Warp – elastic modulus (GPa) Longitudinal
Matrix/resin 

PEEK

UHMWPE

CF

81.42

60.93

Ti6Al4V

48.12

35.10

CoCr alloy

62.94

40.23

Fiber 
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Table 11 Ply to Ply Interlocking without Warp – elastic modulus (GPa) Transverse
Matrix/resin 

PEEK

UHMWPE

CF

18.34

11.56

Ti6Al4V

4.25

16.08

CoCr alloy

16.11

23.14

Fiber 

Figure 40 Stress Szz of P2PAng loaded in Z direction (a) Unit Composite (b) Fibers
only

Stress distribution of P2PAng is shown in Figure 40 with loading in Z direction for
both the unit cell and fiber only configurations. The fibers in the weft direction are more
stressed in this load setting with an average stress value of 38.2 MPa. The simulation
results provide principle stresses and principle strain matrices. The numerical values of
the elastic modulus calculated from Stress strain plots in the longitudinal directions are
summarized in Table 12. Similar analysis is performed for this architecture with loading
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in X direction. The inter-locking fibers are more stressed in this load setting with average
stress value of 6.5 MPa. Elastic modulus in transverse direction are calculated from the
analysis results and are summarized are in Table 13.
It is evident from Table 12 and Table 13 that the elastic modulus value corresponding
to each configuration for the fiber and matrix are greater in the case of X/Z direction
loading. As expected the composite is stronger in Z direction due to more fiber volume
percent aligned in this direction than X direction.

Table 12 Ply to Ply Angle Interlocking without Warp – elastic modulus (GPa)
Longitudinal
Matrix/resin UHMWPE

PEEK


Fiber 
CF

47.82

60.93

Ti6Al4V

31.85

35.104

CoCr alloy

58.95

62.94

Table 13 Ply to Ply Angle Interlocking without Warp – elastic modulus (GPa)
Transverse
Matrix/resin

UHMWPE

PEEK

CF

3.17

11.56

Ti6Al4V

4.25

8.61

CoCr alloy

5.88

11.38


Fiber 
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Figure 41 Stress Sxx of Traxial Braid loaded in X direction (a) Unit Composite (b)
Fibers only

Stress distribution of Triaxial is shown in Figure 41 with loading in X direction for
both the unit cell and fiber only configurations. The fibers in the warp direction are more
stressed in this load setting with an average stress value of 10.7 MPa with one face fixed
and other face loaded at 0.01 mm. The simulation results provide principle stress and
principle strain matrices. The numerical values of the Young’s modulus calculated from
Stress-strain plots in the longitudinal directions are summarized in Table 14. Similar
analysis is performed for this architecture with loading in Z direction. The inter-weaved
fibers are more stressed in this load setting with average stress value of 5.62 MPa with
one face fixed and other face loaded at .015 mm. Elastic modulus in transverse direction
are calculated from the analysis results and are summarized are in Table 15.
It is evident from Table 14 and Table 15 that the elastic modulus value corresponding
to each configuration for the fiber and matrix are greater in the case of X direction
loading. Hence, it is concluded that, the composite material is stronger in X direction
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(major fiber alignment) when compared to Z direction. The highest value of the elastic
modulus (47.96 GPa) is for the composite with CoCr alloy and PEEK.
Table 14 Tri-axial – elastic modulus (GPa) Longitudinal
Matrix/resin

UHMWPE

PEEK

CF

33.12

39.62

Ti6Al4V

25.06

29.56

CoCr alloy

42.65

47.96


Fiber 

Table 15 Tri-axial – elastic modulus (GPa) Transverse
Matrix/resin

UHMWPE

PEEK

CF

7.79

12.92

Ti6Al4V

8.19

13.62

CoCr alloy

11.32

17.88


Fiber 

Analysis of four different architectures with various combinations of fiber and resin
were considered, which resulted in 24 different sets of values for the Young’s Modulus.
The results were compared to the desired elastic moduli criterion (for reducing the stress
shielding factor). These are to be between 40 and 95 GPa in longitudinal direction and
between 15 and 30 GPa in transverse direction. One set of results for all architectures and
fiber combinations with PEEK as resin is shown in Figure 42 for comparison. This figure
shows Young’s Modulus in longitudinal and transverse directions. From the bar graph,
the elastic modulus of P2PIL and P2PAng architectures are between the desired ranges of
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40 and 95 GPa in longitudinal direction. Similarly Ortho and P2PIL architectures satisfy
the desired criteria of 15 to 30 GPa in transverse direction. Overall, P2PIL is good in both
longitudinal and transverse directions.

Figure 42 Elastic Modulus for different architectures and fibers with PEEK as resin

Among the four different architectures, P2PIL and P2PAng with Carbon Fiber and
UHMWPE show promising strength values of approximately 81.4 GPa in longitudinal
direction and approximately 18.3 GPa in transverse direction. Using CoCr alloy as fiber
material also resulted in desired strength values (62.94 GPa). Hence the structural
response of two different architectures are suitable for the use in hip implants.
6.2

Statistical analysis - ANOVA

An analysis of variance (ANOVA) test was carried out with results from microanalysis, using SPSS21 and Minitab, to demonstrate the significance (or insignificance)
of various factors on the bulk elastic modulus. A multi-factorial model is established,
which included basic factors (a) different architectures (b) different fibers (c) different
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matrix (d) different orientations. The linear model with interactions is based on the
following equations,
4

4

4

4

4

4

𝑦𝑦 = 𝑎𝑎0 + � 𝑎𝑎𝑖𝑖 𝑥𝑥𝑖𝑖 + � � 𝑎𝑎𝑖𝑖𝑖𝑖 𝑥𝑥𝑖𝑖 𝑥𝑥𝑗𝑗 + � � � 𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 𝑥𝑥𝑖𝑖 𝑥𝑥𝑗𝑗 𝑥𝑥𝑘𝑘 + 𝑎𝑎1234 𝑥𝑥1 𝑥𝑥2 𝑥𝑥3 𝑥𝑥4 = 𝑨𝑨. 𝒙𝒙
𝑖𝑖=1

𝑗𝑗=1 𝑖𝑖=1

𝑘𝑘=1 𝑗𝑗=1 𝑖𝑖=1

The variables𝑥𝑥1 , 𝑥𝑥2 , 𝑥𝑥3 and 𝑥𝑥4 represent four independent variable with different

levels.

Table 16 Independent factors considered for ANOVA
Variable Name
Architecture
Fibers
Resin
Orientation

Levels
4
3
2
2

The independent variable architecture included four levels- 1) 3D Orthogonal Woven
Architecture (3DOW) 2) Ply 2 Ply Interlock without Warp (P2PILwoW) 3) Ply to Ply
Angle Interlock without Warp (P2PAngILwoW) 4) Triaxial Braid. The independent
variable fiber included three levels – 1) Carbon Fiber 2) Ti6Al4V 3) CoCr Alloy. The
independent variable matrix included two levels – 1) UHMWPE 2) PEEK. The
independent variable orientation are separated to two levels – 1) Longitudinal
2) Transverse.
With all the possible combinations, a set of 4ˣ3ˣ2=24 modeling effects 𝐴𝐴𝑖𝑖 can be

established separately for each set of results. The test hypothesis can be expressed as
𝐻𝐻0 : 𝐴𝐴1 = ⋯ = 𝐴𝐴24 = 0

𝐻𝐻𝑎𝑎 : Atleast one 𝐴𝐴𝑖𝑖 ≠ 0
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In other words, the null hypothesis 𝐻𝐻0 states that there is no significant statistical

difference between young’s moduli found from architecture, fiber, resin /matrix and
direction/ orientation while the alternate hypothesis 𝐻𝐻𝑎𝑎 states that there is atleast one

factor affecting the elastic modulus of the woven composite. The results of ANOVA from
Minitab are given below:
General Linear Model: Elastic Modulus versus Architecture, Fiber, ...
Factor
Architecture
Orientation
Fiber
Matrix

Type
fixed
fixed
fixed
fixed

Levels
4
2
3
2

Values
1, 2, 3, 4
0, 90
1, 2, 3
1, 2

Analysis of Variance for Elastic Modulus, using Adjusted SS for Tests
Source
Architecture
Orientation
Fiber
Matrix
Error
Total

DF
3
1
2
1
33
40

Seq SS
223.4
9679.7
1278.3
32.4
3773.6
14987.5

Adj SS
1764.5
9326.2
1306.1
32.4
3773.6

S = 10.6936

R-Sq = 74.82%

Adj MS
588.2
9326.2
653.1
32.4
114.4

F
5.14
81.56
5.71
0.28

P

0.005
0.000
0.007
0.598

R-Sq(adj) = 69.48%

The multivariate tests indicate a significant main effect of architecture with F(3,40 )
= 5.14 , p value = 0.005 , a significant main effect of fibers with F(2, 40) = 5.71 , p value
= 0.007 , a non-significant main effect of resin/matrix with F(1,40 ) = 0.28 , p value
= 0.598 , a significant main effect of orientation with F(1, 40) = 81.56 , p value < 0.001.
The ANOVA found no significant interaction effect, so a follow up pairwise comparisons
of main effects are performed.
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Figure 43 Estimated marginal mean elastic modulus (GPa) in longitudinal direction

Figure 44 Estimated marginal mean elastic modulus (GPa) in transverse direction
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Figure 45 Box plot showing mean and variance of elastic modulus w.r.t fibers

Figure 46 Box plot showing mean and variance of elastic modulus w.r.t matrix
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6.2.1

Test for Normality

Residual plots (Figure 47) are drawn to test for normality assusmption indicating that
the developed architectures and fiber sample sets are considered to be unbiased and
statistically correct. The normal PP plots show that the data follows normality. Also the
fitted residual plots show no obvious repeating pattern. These two indicate data collected
from micro-analysis follows normal distribution.

Figure 47 Residual plots for elastic modulus

6.3

FEA results of hip implants

This section provides the results obtained from the static analysis of the hip implant.
After completing static analysis in Abaqus, the results are reviewed in the visualization of
Abaqus and HyperView. Results from mesh refinement are plotted. The main significant
results for all the four models are recorded and reported in this section. Results for von
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Mises stress, deflection and maximum principal stress are also presented for all the four
different models.
6.3.1

Results for mesh refinement

The displacement magnitude (in mm) plots for implant model 1 are shown in Figure 48.
This figure shows, both value and location of the maximum and minimum displacements
in the stem, for target element size of 1, 2, 3 and 5. In Figure 49 the von Mises stress for
these different element sizes are also shown. The maximum and minimum stress values
along with their locations are also indicated in this figure.

Figure 48 Implant 1 –Displacement (in mm) using different mesh sizes
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Figure 49 Implant 1 – von Mises Stress (in MPa) using different mesh sizes

Two paths are chosen on the stem, Path1 on the surface and Path2 near center line as
shown in Figure 50 and the corresponding displacements are plotted against true distance
travelled on the stem, The displacements obtained on path1, with different element sizes
are plotted in Figure 51 and displacements obtained on path2 in Figure 52, together to test
for convergence of FEA i.e., to determine appropriate mesh size for the model. From the
meshed model Figure 32 Figure 33, it was evident that target mesh size of 5 and 4 were
unable to capture all the geometry of the implant model. Target element sizes of 3, 2 and
1 appear to be reasonable. All the five different element size models were able to capture
the location of the maximum and minimum at the same location on the stem. However,
the displacement plots shows that the change in percentage is beyond 10% between
element sizes 5, 4 and 3. Whereas the overall percentage change is below 10% between
element sizes 3, 2 and 1. The use of very fine mesh will exponentially increase the FEA
computational time. Since target element sizes 3, 2 and 1 show convergence, a target
element size of 2 is chosen for the rest of the models. Due to different element sizes, the
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maximum von Mises stress reported is different due to changes in elemental forces and
area. But, the location of maximum stress was near the same spot in all the models. The
maximum von Mises stress is 56.72 MPa on the stem of implant 1 for a target element
size of 5, 61.24 MPa for a target element size of 3, 65.60 MPa for a target element size of
2 and 80.17 MPa for a target element size of 1. Similarly the maximum displacement is
0.054 mm for a target element size of 5, 0.061 mm for a target element size of 3, 0.060
mm for a target element size of 2 and 0.057 mm for a target element size of 1.

Figure 50 Path1 on surface of stem for displacement and stress plots
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Figure 51 Implant1- displacement along the surface path with different mesh sizes

Figure 52 Implant1- displacement near centerline with different mesh sizes
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After mesh refinement and concluding a target element size of 2 is more accurate, FEM
analysis is performed on the rest of the three models.
Similar displacement and stress plots are drawn, the magnitude and location of maximum
and minimum values are recorded. The maximum displacement of stem in Implant 2 is
0.05 mm, the maximum von Mises stress is 60.32 MPa and the maximum principal stress
is 62.05 MPa. The maximum displacement of stem in Implant 3 is found to be 0.064 mm,
the maximum von Mises stress is 69.57 MPa and the maximum principal stress is
75.63 MPa. The maximum displacement of stem in Implant 4 is found to be 0.051 mm,
the maximum von Mises stress is 65.34 MPa and the maximum principal stress is
67.39 MPa.

6.3.2

Comparison of Implants models

Implant 1 and 3 are identical in size and other dimensions. However, implant 1 is
made of regular Ti alloy and functionally graded material is considered in implant 3.
Displacement plots are drawn along the two path and are compared for these two models
as shown in Figure 53. It is observed that there is approximately 10% increase in the
deflection due to the use of functionally graded material. Plots of von Mises stress are
also drawn to compare the stress distribution along the two paths shown in Figure 54.
From the stress plots, we see that the stress is distributed over larger area of the stem
rather than concentrating near the neck region as seen in implant 1. We also found that
von Mises stresses are more in implant 3 than implant 1
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Figure 53 Displacement plot on Implant 1 and 3 on surface

Figure 54 Stress plot on Implant 1 and 3 on surface
Similarly, implant 2 and 4 are identical in size and other dimensions. However,
implant 2 is made of regular Ti alloy and functionally graded material is considered for
implant 4.
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Figure 55 Displacement plot on Implant 2 and 4 on surface

Figure 56 Stress plot on Implant 2 and 4 on surface
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Displacement plots are drawn along the two path and are compared for these two
models as shown in Figure 55. It is observed that there is approximately 5% increase in
the deflection due to the use of functionally graded material. Plots of von Mises stress are
also drawn to compare the stress distribution along the two paths shown in Figure 56.
From the stress plots, we noticed similar effect on stress distribution as before.
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CHAPTER 7-Conclusions and future work
In the present work, micro mechanical models of 3DWC architectures are developed
to incorporate them in bio-medical applications, specifically in the hip implants. Four
different woven architecture models are developed based on physics based approach and
bulk material properties of each architecture are determined using b-spline analysis
method. Out of four different architectures considered, two of them showed promising
results, which met the targeted elastic modulus. Two of the three different fiber materials
chosen are considered significant, however any matrix can be chosen for the design.
The results from micro-mechanics are incorporated to resemble a functionally graded
material and these material properties are considered to design the stem of hip implant.
The comparison of von Mises stresses with base model showed an overall stress increase
of approximately 10%. We observed increase in stresses near the distal end of the
implant, which might benefit in reducing the stress shielding effect [79]. We also noticed
increase in the displacement of the stem between the distal end and the neck region of the
implant. The desirable limit level of the micro-motions for bone ingrowth is
approximately 20 µm to 50 µm, whereas the micro-motion above 50 and 150 µm results
in disruption of Osseo-integration and the formation of a fibrous tissue layer that weakens
the interface and thus causes loosening [79]. However, no precise value is known for the
interface stress and micro-motions [80].

This increased displacement is within the

acceptable range of motion which indicates possible strengthening of the femur bone.
Even though we did not incorporate variation of densities in our model, in reality, the
composite material is less dense which makes the hip implant much lighter than the one
currently available.
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In future, this micro-mechanics models can be used to incorporate advanced fiber and
resin materials. Further, failure analysis like Hasin’s failure criterion can be implemented
for these orthotropic architectures. In the present work, interface between fibers and
matrix is assumed to be perfectly bonded, thus applying tie constraints to these interface
nodes. In future, instead of assuming perfect interface bonding, penalty method or
cohesive interface bonding or Virtual Crack Closure Technique (VCCT) approaches
available in Abaqus, can be applied to the interfaces. Micromechanical strength modeling
of textile composites using cohesive interface were performed by other researchers and
this can be further expanded to this micro-mechanical analysis [81] [82].
More woven architectures twill woven, satin woven, ply to ply interlocking with warp,
ply to ply angle interlocking with warp or even tubular biaxial and tubular triaxial can be
considered for design space instead of current architectures specified in 4.3. Or the
chosen architectures in 4.3, can be further optimized by varying the diameter, pitch,
interlacing fibers and other parameters. For instance, at the beginning, we thought triaxial
architecture would meet the desired requirements. An added advantage of this
architecture is the interlacing braided fibers are at an angle which provide increased
strength transverse directions compared to ply to ply and ply to ply angle interlock
architectures. The strength needed in longitudinal direction was close to the requirement
but did not pass the threshold values. So, further making changes in diameter, angle and
diameter of braids, this architecture might pass the criteria.
In macro-analysis, for functionally graded material the variation of elastic modulus is
controlled using power law equation (#17) with n value of 0.5. This can be further
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expanded to use different n values (0 to 1) shown in Figure 57 which will control the
nature of material variation.

Figure 57 Functionally graded material properties for different n values

In some failure cases, surgeons observed breaking at the neck region of the stem,
which is proven to be high stress region here and by several other researchers. In our
study, we considered elastic modulus at the neck to reach ~115 GPa. The study can
further be expanded to target the strength at neck region to be near 200 GPa. In the
present study, density of functionally graded composite is not varied and assumed to be a
constant factor. This study can be further expanded incorporating changes in density of
the functionally graded material. Also instead of discretizing functionally graded material
to piece wise for FEA, a user defined sub-routine can be used to define the variation of
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functionally graded materials, which will further homogenize the stress distribution and
displacements.
The present study is limited to static loading on the hip implant, which represents
loading during normal walking. This load is one of the several loading cases within the
gait cycle. In future, the study can be expanded to include all loading cases of the gait
cycle mentioned in 2.3.1, different activities like running, jumping etc., and perform
dynamic analysis.
Further studies include, determining the biocompatibility of these woven composites
using different combinations of fiber and matrix in vivo and in vitro. The cell growth
between the composite implant and femur bone need to be investigated. Due to the use of
composites, drug-eluting implants (similar to stents) can be evaluated in the future to
avoid foreign object rejection and other reaction at the surgical site needs to be evaluated.
The composite implant can also be made porous to enhance bone growth into the implant.
This study can be further expanded to implement in other applications, such as knee
implants, prosthesis in arms, implantable devices in spinal cord, jaws or areas where bone
repair or growth is needed. Woven composites can be considered outside biomedical field
where functionally graded structures are needed such as aerospace, structural and
automobile industries.
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Appendix
1. VTMS\BSAM Code:
Sample Input file generated from VTMS to perform analysis in BSAM(shown only
partial code… deleting nodes, elements etc)
***********************************************
**** BSAM INPUT FILE generated by VTMS2.0 ****
***********************************************
INPUT
1
2
Ti_UHMWPEWarp05Bin05Sp11Sp05L2Rp22nnnV0L00Z100_average_stress.txt
19 0
END INPUT
SOLVER
8
4
Processors #
*indefinite
END SOLVER
PROCESS
1
1 0
2 1
1 2
END PROCESS
OUTPUT
17
Tecplot Output
1 0
22 0 0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
30
Volume Avg Output
1 2
22 0 0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
END OUTPUT
BOUNDARY
1
Type 1: mechanical 2: thermal
1
96
2 2
Type; #Selection
0
2 3
Type; #Selection
0.......
.....
2 97
Type; #Selection
1.0
END BOUNDARY
STRUCTURE
1
1
1 118
# of selections
0.0 0.0 0.0 0.0 0.0 0.0
-2 22 0
penalty connections

99

1.1e+008
118 117 116 115 114 113 112 111 110 109 108 107 106 105 104 103 102 101 100 99 98 119
101 1
#2
7
2 25
cluster; component; node set
101 1
#3
7
3 25
cluster; component; node set
101 1
#4
7
4 25
cluster; component; node set
101 1
#5
7
2 26
cluster; component; node set
101 1
#6
7
3 26
cluster; component; node set
101 1
#7
7
4 26
cluster; component; node set
101 1
#8
8
2 25
cluster; component; node set
........
101 1
#97
22 4 29
cluster; component; node set
105 1
#98
1
1 1
selection
105 1
#99
2
1 1
selection
........
105 1
#119
22 1 1
selection
END STRUCTURE
SET
1
22 0
# of clusters
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
END SET
CLUSTER
1
1
1 1 0
1
2
1 1 0
1
.....
22 1 4 0
END CLUSTER
MODEL
1
1 3
101
101
101
1
2 3
101
101
101
1
3 3
101
101
101

model; geometry; constitutive
model; geometry; constitutive

model; geometry; constitutive

1 0 0
0 1 0
0 0 1

1 0 0
0 1 0
0 0 1

1 0 0
0 1 0
0 0 1

100

.....
22 3
101 1 0 0
101 0 1 0
101 0 0 1
END MODEL
GEOMETRY
1
1 1 1
END GEOMETRY
SPLINE
10 1
END SPLINE
DISCRETIZATION
1
1
END DISCRETIZATION
CONSTITUTIVE
7
#1 Orthotropic
1 1 0 material; failure; orientation
7
#2 Orthotropic
2 1 0 material; failure; orientation
7
#3 Orthotropic
3 1 0 material; failure; orientation
1
#4 Isotropic
4 1 0 material; failure; orientation
END CONSTITUTIVE
FAILURE
20
LaRC 03
END FAILURE
MATERIAL
1
TI6AL4V_FIBER(WEBSOURCEANDOTHER)
1.140E+05 11.00E+02 9.70E+02 E11
Xt Xc
1.140E+04 11.00E+02 9.70E+02 E22
Yt Yc
1.140E+04
E33
0.30 0.00 0.00 0.00 Nu13 G1c
G11c G111c
0.30
Nu23
0.30
Nu12
4.40E+04
G13
3.52E+03
G23
4.40E+04 5.50E+02 2.00E+00 G12 S S13
0.00443
Density
8.600E-06
Alpha11
8.6E-06
Alpha22
1
TI6AL4V_FIBER(WEBSOURCEANDOTHER)
1.140E+05 11.00E+02 9.70E+02 E11
Xt Xc
1.140E+04 11.00E+02 9.70E+02 E22
Yt Yc
1.140E+04
E33
0.30 0.00 0.00 0.00 Nu13 G1c
G11c G111c
0.30
Nu23
0.30
Nu12
4.40E+04
G13
3.52E+03
G23
4.40E+04 5.50E+02 2.00E+00 G12 S S13

101

0.00443
8.600E-06
8.6E-06

Density
Alpha11
Alpha22

1
TI6AL4V_FIBER(WEBSOURCEANDOTHER)
1.140E+05 11.00E+02 9.70E+02 E11
Xt Xc
1.140E+04 11.00E+02 9.70E+02 E22
Yt Yc
1.140E+04
E33
0.30 0.00 0.00 0.00 Nu13 G1c
G11c G111c
0.30
Nu23
0.30
Nu12
4.40E+04
G13
3.52E+03
G23
4.40E+04 5.50E+02 2.00E+00 G12 S S13
0.00443
Density
8.600E-06
Alpha11
8.6E-06
Alpha22
1
UHMWPE_ULTRAHIGHMOLECULARWEIGHTPOLYETHYLENE(FROMLITERATURE_NEEDVE
RIFICATION)
7.500E+02 3.00E+01 1.72E+01 E11
Xt Xc
7.500E+02 3.00E+01 1.72E+01 E22
Yt Yc
7.500E+02
E33
0.230 0.00 0.00 0.00 Nu13 G1c
G11c G111c
0.460
Nu23
0.230
Nu12
1.28E+03
G13
1.28E+03
G23
1.28E+03 1.00E+00 2.00E+00 G12 S S13
0.00093
Density
6.3E-05
Alpha11
6.3E-05
Alpha22

END MATERIAL
APPROXIMATION
100
**** No.1 Entity*****
**** File name = 1BIN1WARP05BIN05SP11SP05L2RP22NNN.ELE ******
*DIMENSION
4275, 3584, 26, 0
*NODE
1,
0.200000002,
2.08026857,
0.996597201
2,
0.200000001,
2.01784791,
0.91951247
3,
0.2,
1.95780421,
0.845595361
.....
.....
3305,
5.75,
2.38026697,
1.28776116
3306,
5.75,
2.4392938,
1.38263124
*ELEMENT, TYPE=X3D8
1, 1, 2, 7, 6, 58, 59, 64, 63
....
2735, 3245, 3246, 3249, 3248, 3302, 3303, 3306, 3305
2736, 3246, 3242, 3243, 3249, 3303, 3299, 3300, 3306

102

*Nset, nset=PSET-0
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16,
.....
3289, 3290, 3291, 3292, 3293, 3294, 3295, 3296, 3297, 3298, 3299, 3300, 3301,
3302, 3303, 3304,
3305, 3306

*STOP
100
**** No.3 Entity*****
**** File name = 3BIN3WARP05BIN05SP11SP05L2RP22NNN.ELE ******
......
100
**** No.4 Entity*****
**** File name = 4BIN4WARP05BIN05SP11SP05L2RP22NNN.ELE ******
**** No.5 Entity*****
**** File name = 5BIN5WARP05BIN05SP11SP05L2RP22NNN.ELE ******
**** No.6 Entity*****
**** File name = 6BIN6WARP05BIN05SP11SP05L2RP22NNN.ELE ******
....
**** No.7 Entity*****
**** File name = 7WEFT1WARP05BIN05SP11SP05L2RP22NNN.ELE ******
....
**** No.8 Entity*****
**** File name = 8WEFT2WARP05BIN05SP11SP05L2RP22NNN.ELE ******
**** No.22 Entity*****
**** File name = MAT1.ELE ******
*DIMENSION
137600, 109783,

29, 0

*NODE
1,
0.200000003,
0.800000012,
0.200000003
2,
0.292500019,
0.800000012,
0.200000003
3,
0.38500002,
0.800000012,
0.200000003
....
137599,
5.65750027,
3.20000005,
2.4000001
137600,
5.75,
3.20000005,
2.4000001
*ELEMENT, TYPE=X3D8
1, 1, 2, 63, 62, 2376, 2377, 2438, 2437
....
39705, 48412, 48413, 48471, 48470, 50706, 50707, 50768, 50767
109581, 109582,
109583,
109584,
109585,
109586,
109587,
109645,
109646

109643,

109644,

*Elset, elset=Conn-11
1671, 1672, 1673, 1674, 1714, 1715, 1716, 1717, 1753, 1754, 1755, 1794, 1795,
1839, 1840, 1890,
....
107858, 107859,
107860,
107912,
107913,
107914,
107915,
107916,
107917,
107918,
107919,
107920,
107973,
107974,
107975,
107976,
107977, 107978,
107979,
108034,
108035,
108036,
108037,
108038,
108096
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*Elset, elset=Conn-22
*INTEGRATION
148, 40
0.755369841,
0.436137912,
.....
-0.503462565,
0.7236068,
-0.882783414,
0.7236068,
149, 28
0.4472136,
0.262895716,
....
-0.4472136,
-0.849375816,
0.4472136,
-0.849375816,
150, 36
0.4472136,
-0.849375816,
....
-0.7236068,
-0.4472136,
-0.7236068,
-0.4472136,
109718, 36
-0.7678443,
-0.660017473,
....
0.225624926,
0.7236068,
-0.668802274,
0.7236068,

-0.7236068,

0.144835135

-0.4472136,
-0.4472136,

0.141364532
0.141364532

-0.4472136,

0.00262401448

-0.4472136,
0.181654474
0.4472136,
0.181654474
0.1708204,

0.181654474

0.999999246,
0.999996807,

9.09091573e-007
9.09091573e-007

-0.447214354,

0.0660947409

0.4472136,
-0.4472136,

*SELECTION, ID= 1, TYPE=NODE
PSET-0
*SELECTION, ID= 2, TYPE=ELEMENT
Conn-1
*SELECTION, ID= 3, TYPE=ELEMENT
Conn-2
*SELECTION, ID= 4, TYPE=ELEMENT
Conn-3
*SELECTION, ID= 5, TYPE=ELEMENT
Conn-4
*SELECTION, ID= 6, TYPE=ELEMENT
Conn-5
*SELECTION, ID= 7, TYPE=ELEMENT
Conn-6
*SELECTION, ID= 8, TYPE=ELEMENT
Conn-7
*SELECTION, ID= 9, TYPE=ELEMENT
Conn-8
*SELECTION, ID= 10, TYPE=ELEMENT
Conn-9
*SELECTION, ID= 11, TYPE=ELEMENT
Conn-10
*SELECTION, ID= 12, TYPE=ELEMENT
Conn-11
*SELECTION, ID= 13, TYPE=ELEMENT
Conn-12
*SELECTION, ID= 14, TYPE=ELEMENT
Conn-13
*SELECTION, ID= 15, TYPE=ELEMENT
Conn-14
*SELECTION, ID= 16, TYPE=ELEMENT
Conn-15
*SELECTION, ID= 17, TYPE=ELEMENT
Conn-16
*SELECTION, ID= 18, TYPE=ELEMENT
Conn-17
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0.333333333
0.333333333

*SELECTION, ID= 19, TYPE=ELEMENT
Conn-18
*SELECTION, ID= 20, TYPE=ELEMENT
Conn-19
*SELECTION, ID= 21, TYPE=ELEMENT
Conn-20
*SELECTION, ID= 22, TYPE=ELEMENT
Conn-21
*SELECTION, ID= 23, TYPE=ELEMENT
Conn-22
*SELECTION, ID= 24, TYPE=NODE
PSET-1
*SELECTION, ID= 25, TYPE=NODE
PSET-2
*SELECTION, ID= 26, TYPE=NODE
PSET-3
*SELECTION, ID= 27, TYPE=NODE
PSET-4
*SELECTION, ID= 28, TYPE=NODE
PSET-5
*SELECTION, ID= 29, TYPE=NODE
PSET-6
*STOP
END APPROXIMATION
***********************************************
**** END BSAM INPUT FILE *********************
***********************************************
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2. Engineering Drawing of Hip Implants
1. Stem using Profile1
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2. Stem using Profile2
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3. Hypermesh\Abaqus Code:
**
** ABAQUS Input Deck Generated by HyperMesh Version : 12.0.110.40
** Generated using HyperMesh-Abaqus Template Version : hwdesktop12.0.110
**
** Template: ABAQUS/STANDARD 3D
**
*NODE
1, 50.648193509337, -3.75250832E-15, -2.117204653881
……
16371, -0.12832250003 , 182.81749826344, 1.5338201697678
16372, -0.363256304579, 182.58172691307, -3.346325425022
**HWCOLOR COMP
1 46
*ELEMENT,TYPE=M3D3,ELSET=Stem1_m
142,
251,
253,
247
…..
1111,
508,
476,
497
1112,
656,
39,
652
1113,
471,
451,
478
**HWCOLOR COMP
2 3
*ELEMENT,TYPE=M3D3,ELSET=Head1_m
5621, 8315, 8339, 8308
……
6327, 8710, 8970, 8711
6329, 8442, 8934, 8921
**HWCOLOR COMP
1 46
*ELEMENT,TYPE=M3D4,ELSET=Stem1_m
1,
1,
2,
3,
14
…….
1104,
992, 1078, 1075,
993
1105, 1076, 1077, 1038, 1037
1107, 1077, 1078, 1039, 1038
**HWCOLOR COMP
2 3
*ELEMENT,TYPE=M3D4,ELSET=Head1_m
5583, 8277, 8278, 8275, 8276
……
6328, 8767, 8720, 8712, 8711
6330, 8921, 8934, 8928, 8922
**HWCOLOR COMP
3 4
*ELEMENT,TYPE=C3D10I,ELSET=Stem1_t
1114, 1139, 1105,
812,
800, 7522, 5905, 5906,
…..
5582, 1165,
831, 1168,
823, 6012, 6014, 7758,
5967, 5965, 5968
**HWCOLOR COMP
4 4
*ELEMENT,TYPE=C3D10I,ELSET=Head1_t
6331, 8773, 9133, 8890, 8885, 12611, 13270, 12609,
……
11318, 9098, 8554, 9095, 8561, 11406, 11405, 14644,
11445, 11402, 11444
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**HMASSEM
1 11 Profile1AsmV1_203a
**HMASSEM_COMP_ID
2
1
3
4
**HM_comp_by_property "Stem1_tet" 5
*SOLID SECTION, ELSET=Stem1_t, MATERIAL=TiAlloy
**HM_comp_by_property "Head1_tet" 5
*SOLID SECTION, ELSET=Head1_t, MATERIAL=CoCr
**HM_comp_by_property "Head1_mem" 5
*MEMBRANE SECTION, ELSET = Head1_m, MATERIAL = CoCr
2.000000000E-04,
**HM_comp_by_property "Stem1_mem" 5
*MEMBRANE SECTION, ELSET = Stem1_m, MATERIAL = TiAlloy
2.000000000E-04,
*NSET, NSET=PinnedSet
93,
94,
95,
96,
515,
516,
519,
525,
……
4514, 4515, 4516, 4517, 4518, 4520, 4521, 4522,
4523, 4524, 4525, 4526, 7560, 8202
*NSET, NSET=FixedSet
544,
545,
546,
547,
548,
549,
550,
551,
…..
4694, 7813, 7814, 7815, 8054, 8078, 8079, 8082,
8144, 8145, 8146, 8147, 8151, 8152, 8153
*ELSET, ELSET=LoadFace
5708, 5709, 5710, 5711, 5712, 5713, 5717, 5718,
6307, 6308, 6309, 6310, 6311, 6312, 6313, 6314,
6315, 6316, 6317
*ELSET, ELSET=PushSurf
5708, 5709, 5710, 5711, 5712, 5713, 5717, 5718,
6307, 6308, 6309, 6310, 6311, 6312, 6313, 6314,
6315, 6316, 6317
******
**MATERIAL, NAME=TiAlloy
**MATERIAL, NAME=CoCr
****** MATERIAL FILE IMPORTED.
*SURFACE, NAME = LoadSurface, TYPE = ELEMENT
PushSurf,S1
*TIE, NAME = Tie_both, POSITION TOLERANCE = 0.5
, ADJUST=NO, TYPE=SURFACE TO
SURFACE
HM_ContactSurf_2,HM_ContactSurf_1
*SURFACE, NAME=HM_ContactSurf_2
Head1_m,
*SURFACE, NAME=HM_ContactSurf_1
Stem1_m,
*****

*******************************
********* MaterialV1.inp
***********************************
**
** MATERIALS
**
** Material properties from previously used HipImplant model
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*Material, name=CoCr
*Density
0.0088,
*Elastic
230000., 0.3
*Plastic
800.,0.
** Ti_6Al_4V_Annealed
** Alpha/Beta Titanium alloy, annealed
** Data from MATWEB, values used from previous hip analysis
*Material, name=TiAlloy
*Density
0.00443,
*Elastic
113800., 0.342
*Plastic
886.805, 0.
1083., 0.1215
**
*******************************
*********Profile1BC_run.inp
***********************************
**
*HEADING
Stem1 203b1 edited version
**
*PREPRINT, MODEL=YES, HISTORY=NO, ECHO=YES
**
****** IMPORT MODEL INPUT FILE AND MATERIAL FILE
*INCLUDE, INPUT=Profile1AsmV1_203b3Edited.inp
*INCLUDE, INPUT=MaterialV1.inp
**
** BOUNDARY CONDITIONS
**
** Name: AllFixed Type: Symmetry/Antisymmetry/Encastre
*Boundary
FIXEDSET, ENCASTRE
** Name: PinnedBC Type: Symmetry/Antisymmetry/Encastre
*Boundary
PINNEDSET, PINNED
** ---------------------------------------------------------------**
** STEP: LoadStep
**
*Step, name=LoadStep, nlgeom=NO
Pull load is applied in this step
*Static
1., 1., 1e-05, 1.
**
*DLOAD
PushSurf, P, 2.0
**
** OUTPUT REQUESTS
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**
*Restart, write, frequency=0
**
** FIELD OUTPUT: F-Output-1
**
*Output, field, variable=PRESELECT
**
** HISTORY OUTPUT: H-Output-1
**
*Output, history, variable=PRESELECT
*End Step
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4. Table A1 Master Table with all the architectures used for analysis
Architecture

Orientation Fiber
Material

Matrix

Young’s

Material

Modulus(GPa)

3DOW

0o

CF

UHMWPE

23.02

3DOW

0o

CF

UHMWPE

53.82

3DOW

0o

CoCr

UHMWPE

22.04

3DOW

0o

CF

PEEK

26.82

3DOW

0o

CoCr

PEEK

25.78

3DOW

0o

Ti6Al4V

PEEK

15.389

P2P ILw/o W

0o

CF

UHMWPE

81.42

P2P ILw/o W

90o

CF

UHMWPE

18.34

P2P ILw/o W

0o

CoCr

UHMWPE

35.11

P2P ILw/o W

90o

CoCr

UHMWPE

16.11

P2P ILw/o W

90o

Ti6Al4V

UHMWPE

4.25

P2P ILw/o W

0o

CF

PEEK

60.931

P2P ILw/o W

90o

CF

PEEK

11.562

P2P ILw/o W

0o

CoCr

PEEK

40.239

P2P ILw/o W

90o

CoCr

PEEK

23.148

P2P ILw/o W

0o

Ti6Al4V

PEEK

24.021

P2P ILw/o W

90o

Ti6Al4V

PEEK

16.087

P2P Ang IL

0o

CF

UHMWPE

47.82

P2P Ang IL

90o

CF

UHMWPE

3.17

P2P Ang IL

0o

CoCr

UHMWPE

58.95

P2P Ang IL

90o

CoCr

UHMWPE

5.88

P2P Ang IL

0o

Ti6Al4V

UHMWPE

31.85

P2P Ang IL

90o

Ti6Al4V

UHMWPE

4.25

P2P Ang IL

0o

CF

PEEK

60.931

P2P Ang IL

90o

CF

PEEK

11.562

P2P Ang IL

0o

CoCr

PEEK

62.943

P2P Ang IL

90o

CoCr

PEEK

11.379
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Architecture

Orientation Fiber

Matrix

Young’s

Material

Material

Modulus(GPa)

P2P Ang IL

0o

Ti6Al4V

PEEK

35.104

P2P Ang IL

90o

Ti6Al4V

PEEK

8.609

TriAxial

0o

CF

UHMWPE

33.12

TriAxial

90o

CF

UHMWPE

7.79

TriAxial

0o

CoCr

UHMWPE

42.65

TriAxial

90o

CoCr

UHMWPE

11.32

TriAxial

0o

Ti6Al4V

UHMWPE

25.06

TriAxial

90o

Ti6Al4V

UHMWPE

8.19

TriAxial

0o

CF

PEEK

39.622

TriAxial

90o

CF

PEEK

12.926

TriAxial

0o

CoCr

PEEK

47.969

TriAxial

90o

CoCr

PEEK

17.887

TriAxial

0o

Ti6Al4V

PEEK

29.561

TriAxial

90o

Ti6Al4V

PEEK

13.627
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